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Preface

The three individual technical reports which follow were witten as the
result of the Ship Producibility Task S-11, "Standard Structural Arrangements”
The work was perforned by the Quincy Shipbuilding Division of General Dynamics
under contract to Bath Iron Wrks Corporation

Industry groups neeting in advance of the fornulation of Task S-11 had
recommended a nunber of structural arrangenents to be investigated for stan-
dardization. These were augnented in the pre-award proposal

The conplete candidate |ist was forwarded for evaluation to ten ngjor
U S. shipyards, with followon visits to each yard. The results of interviews

were summarized for each category under the following format

[term
Definition:

1. VWat are nost |ikely areas of use

2. How prevalent is current use?

3. s there a qualitative rational e?

4, s there a quantitative rational e?

5. s there a potential for developing the rationale and for
the devel opnent of standards?

6. Can cost advantages of standards be establ shed ?

1. Existing technical criteria and guidelines

8. Potential Marine G aphics Handbook entry.

9, Potential design application for evaluation of benefit

10. Estimated study manhours

Results were summarized in the "Progress Sunmary, Task S-11", July 1976, which

ison file at Bath Iron Wrks.



An advisory group appointed by the contractor evaluated all proposed

catgeories for greatest usefulness to the industry and for conpliance with

the essential objective to reduce the cost of building ships in the United

St at es.

Ni neteen categories were ranked nunerically and assigned three |evels

of priority:

10
11
12
13
14

Priority 1

Structural Details
Alignnent Criteria
Repair Standards
Standard Frame Spacing
Construction GOpenings
Straight Line Frames

Standard Wl ding, Details

Priority 2
Level Longitudi nal
Bow Franing
Stern Franing
Tripping Brackets
Paral l el Decks and Standard Deck Fram ng
Foundat i ons

Erection Breaks at In-plane Structure



15

16
17
18
19

Priority 3

Consi deration of Deflection to Mninmize Distortion
and Vibration

Rudder s
Wt er Scoops and Sea Chests
Rei nforcing and Racking Preventatives for Heavy Lifts

Bil ge Keels

Items 1, 2 and 11 (structural details, alignment criteria and tripping

brackets) were ultimtely selected for detailed study. The consensus |ower

priority itemon tripping brackets was considered because of special interest

to the investigators.

The authors gratefully acknow edge t he gui dance of M.

Iron Wrks Project Manager, the funding contributed by MarAd and the time and

courtesy extended by all shipyards visited. Thanks are due also to the nenbers

of the Advisory Conmittee

John Mason,

Bat h



Standard Structural Arrangenents,

Task S-11 of the Ship Producibility Program

Executive Summary

The intent of Task S-11 was to reduce the cost of U'S. built ships by
producing a series of standard structural arrangenments. Study objectives were
eventual Iy modified to the fornulation of design guidelines. Twenty candidate
subj ects were investigated for inclusion in the study, and three were selected

Structural Details

M sal i gnment  Tol erance

Tripping Brackets
The report on "Potential Ship Structural Details Cuidelines" defines conmon
structural details and provides brief descriptive narrative of application and
attributes. Detailed static analysis was performed for structural intersections,
general ly the nost conmon and troubl esone structural detail

[llustrations are provided for details in sixteen categories. These
details represent what is best in US. shipbuilding practice, or the devel opment
of slightly nodified configurations.

The report on "Potential Ship Structure M salignnent Tol erance Quidelines"
presents a review of available standards and guidelines and of published experi-
mental and theoretical data.

Anal ysis of butt and cruciformjoints is conmbined with available fatigue
data to produce specific guidelines for pernissible static and dynamic nisalign-

ment O comon shi pbuil ding Joints.



The third report in this program "Potential Ship Structure Tripping
Bracket Guidelines" was notivated by current lack of suitable guidance to the
need for tripping brackets {n aship atructure. The report fa a desipner-
orlented compendium of the necessary theoretional fornulatlons.

It is expected that thorough and deliberate review of these reports
by industry groups such as SNAME panel SP-6 and ASTM Subcommittee F-25 can
devel op these tentative proposals into detailed consensus guidelines or
standar ds.

The adoption of uniform structural details will generate specific
perfornmance feedback |eading to reduced repair costs. Overall ship scantlings
may eventually be reduced if margins for assumed stress concentrations or
defects at structural details can be elininated

The nisalignnent criteria should be extended to the analysis of greater
extent of misalignment and to the systematic investigation of suitable repair.
Confirming full scale fatigue testing is desirable. Consensus guidelines wll
save considerable tine now devoted to qualitative and quantitative arguments
between buil der, owner and regulatory agency inspectors, while inproving ship
reliability anti possibly decreasing fitup costs.

CQuidelines for tripping bracket location are of significant econonic
value in ships with deep web franes, where frequent and arbitrary use of large
brackets may greatly add to shipbuilding expense. General Dynanics has already
enpl oyed this analysis to justify design alteration resulting in renoval of

several hundred large brackets per ship.



To conplete these guidelines it remains to fornulate a solution for
asymmetric stiffeners (angles) in bending.
Al'l three reports on potential guidelines are expected to be of

i mediate use to ship structural designers.
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Section 1

| NTRODUCTI ON AND SUMVARY

The aim of this report is to establish a basis for a set of
guidelines to be used in the evaluation of errors in alignnent.

The inportance of alignment criteria is clear

1. Reference 1 states “The npbst commonly suggested tol erance
problem was nisalignnent, especially mnisalignnent of inter-
costal at cruciform intersections”. This was noted after
di scussions with ship owner/operator executives and yard

executi ves.

2. Correction and rework of structural deviations nmay introduce
| ocked-in stresses, flaws or weld defects which may be nore

detrinental to overall strength than the original defect.

3. The cost involved in repairing, inspecting, and re-repairing
where necessary, while large, is probably snall conpared
with the cost of delays, late delivery and consequent |o0ss

of goodwill.

Due to the lack of specific guidelines for dealing with ms-

al i gnnent, designers and engineers have had to evaluate each
case using judgnent and rules of thumb, and have had to convince
i nspectors and surveyors that the structural integrity has not

been | eopardized.
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Sections 2 and 3 of this study present a sunmary of published
standards and guidelines and of the technical literature nost

applicable to the alignnent subject.

Sections 4 and 5 present analytical work leading to the basis
for design guidelines (Section 6) for static and fatigue
strength of misaligned joints, respectively. Section 6 is
esscntially a self contained summary of the potential design
gui delines derived in this report, and could be used

i ndependent | y.

A limted survey of reported cases of nisalignment indicates
that there is no predoninant pattern of occurrence Or repair.
Quidelines for alignnent criteria and for related structural
alterations should lead to significant savings of ship con-

struction tinme and cost.
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Section 2

COLLECTI ON OF EXI STI NG STANDARDS AND GUI DELI NES

2.1 GENERAL

This section is an attenpt to |ist standards and guidelines
applicable to alignnent criteria contained in the rules of the
maj or classification societies and of other applicable rule-
maki ng technical societies. Only those guidelines are

presented that define nunerical I|inits for nisalignnent.

The Anerican Bureau of Shipping (ABS) has no formal set of
guality control standards but generally agrees that structural
tolerance linmts depend on the location of the joint, quality
of material and the allowable stress |evel. Bureau Veritas

and Lloyd s Register of Shipping |ikewi se have no published

standards for tolerances.

Ni ppon Kaiji Kyokai has a set of standards “Japanese Shi pbuil ding
Ouality ftandards - 1975" developed by the societyicty of Naval
Arhitects of japan and the University of Tokyo. ‘hose

standards provide nunerical linmts for strength and other members.
The German Shipbuilding Industry devel oped the “Production
Standard of the Gernman Shipbuilding Industry” which is non-

bi nding and not enforced by Germani scher LlIoyd surveyors. The
final set of formal standards presented is VIS 530, “Accuracy

In Hull Construction”, prepared by the Swoedish Shi pbui | di ng

St andards Center.
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Reference 1 is a tinely summary of all applicable guidelines.

The followi ng references have been reviewed and excerpted.

Throughout the renminder of this report the follow ng indicated

abbreviations wll apply:

REF.

NO. TI TLE/ SOClI ETY ABBREVI ATI ON
) Swedish Shipbuilding Standards Tnstilute V165-530
3 Japanse Shipbuilding Quality Standards JSQS
4 Associ ation of.Gernman Shipbuilding Industry PSGS
5 | kawaj i ma- Hari ma Heavy |ndustries I HI
6 Anerican Bureau of Shipping ABS
7 Bureau Veritas BV
8 Det Norske Veritas DNV
9 Ger mani scher Ll oyd G

10 LI oyd's Register LR

11 Ni ppon Kaiji Kyokai NKK

2.2 ALI GNVENT _ STANDARDS

2.2.1 Fillet Wlded Cruciform Joints

Cruciform joints with fillet welds are the classic tol erance
probl em This detail will be found in the fitting of brackets,
intercostal, webs, bulkheads, |longitudinals, etc. Figure 2-1

details the joint with respect to the docunented standards.
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FIGURE 2-1

ALIGNMENT OF FILLET WELDED CRUCIFORM
JOINTS




JS For strength nenbers:

Tol erance Linit: AS L/30m,

For other nenbers:

o <
Standard Limt A £ 1/3 7T
- A = 1/2°T
Tol erance Limt = 2
PSGS : Assenmbly nisalignnment: internal nenbers (Stiffening)

Qut of alignnment by nore than 1/2 the plate or

profile thickness Will bc disconnected and realigned.

VI S- 530: For strength nenbers; maxi mum divergence:

A = 1/4 T3 + 1/8 in. = 1/2 T2

For |ocal nenbers; maxi mum divergence:

A =£1/4 Ty + 1/8 in.
[H For longitudinal nenbers within 0.6L of

and for principal transverse supporting menbers:

A 21/3 7T

For all others the allowable lint:
A £1/2 T
BV Plates are to bc properly adjusted; a slight offset
is however tolerated over part of the length of the
joint, provided it does not exceed:

-0.08 in. wiere T, < 0.25 in.

-0.12 in. where T2 - 0.25 in
 —1

-0.08 in. for overhead fillet welds
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2.2 iull Welds in Continous: rlating

JS@S

PSGS :

VI S- 530:

11

For strength nenbers the tolerance linit:
A £ 0.15 T £ 0.12 in.
For other nenbers the tolerance limt:

a S o0.207 £ 0.12 in.

In butt welds, plate nisalignnent may be:

A £0.15 T £ 0.16 in.

For plate nenbers:

A =£0.15 7 £ 0.16 in.

Skin plates (bottom shell, side shell and deck
plate) and longitudinal strength nmenbers, the
allowable limt: A £0.15 7 £0.12 in.
Bul khead plates and interior nenbers, the

allowable limt: a £o0.207 %0.12 in.

When assenbling plates of the sane thickness,
it is to be checked that they are correctly
adjusted in height, a slight offset is however
tolerated where this cannot be reduced in the
normal way, provided it is not greater than the
greater of the val ues:
A = OIT + 0.04 in.

0.08 in. for butts

0.12 in. for longitudinal seans
The last two values may be increased by 0.04 in.

where the joints are double vee groove.
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T-THICKNESS THINNER
MEMBER
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FIGURE 2-2

ALIGNMENT OF BUTT WELDED JQINTS
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2.2.3 Butt

1.

VWlds in Flanges And Webs

VI S- 530:

Fl ange breadth (see Figure 2-3).

The nmaxi mum di ver gence:

A £ 0.04B = 0.31 in.

Fl ange height (see Figure 2-4).

The maxi mum di ver gence:

A

A 0.27

1
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FIGURE 2- 3

ALIGNMENT OF LONGITUDINAL FLANGES
W/ RESPECT TO BREADTH

(REFERENCE 2)
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FIGURE 2-4

ALIGNMENT OF LONGITUDINAL FLANGES

W/RESPECT TO HEIGHT
(REFERENCE 2)




Section 3
LI TERATURE SURVEY OF EXPERI MENTAL
AND THEORETI CAL DATA

3.1 GENERAL

Publ i shed papers on the subject of misalignnent are few, and by
their nunber do not reflect the industry’'s interest in the

probl em A non-exhaustive review of the literature focuses
attention on two papers on fatigue which provide val uable
nunerical data to this study, and on two papers on quality
assurance which could provide the framework for design guide-
lines and standards.

3.2 FATI GUE TESTI NG
A "Fatigue Strength O Butt Joint Wth M salignhnment”

(Ref erence 12)

This paper presents the results of a study of the effect of
m salignnent in butt welded joints on fatigue strength. The
paper also seeks to find allowable anmounts of nisalignnent
and a nethod for inproving joint strength.

Test specinens were nmade of nild steel and two types of high
tensile steel with thicknesses equal to 0.25 in. and 0.63 in.and
nechani cal properties as shown in Table 3-1

The sizes and shapes of the test specinmens are shown in
Figures 3-1 and 3-2, along with the ratio of the anount of

misalignment, § , to the thickness of the specimens, T.

Two types of tests were carried out by the investigator: a
static tension test and a series of fatigue tests.
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TABLE 3-1

MECHANIGAL PROPERTIES
OF TEST SPECIMENS

TYPE
pLate | Oy | Us |ELONG.

OF
STEEL Tg::f% «s1 | kst | (26)

Q250 39064 63el 24¢0

Ss-41
04525 | 3968 | 6Qed | 28¢5

0e25Q | 5SS | 785 2640

HT-S0
Qe625 | .Sle9 Qle7 2403

HT-60 | Q625 | 798 9Ge 8 120

CAGE LENGTH = 74875 1IN
(Jy —YIELD STRESS

(Jg —ULTIMATE TENSILE .
STRESS _

e o et s et ®
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The static tension tests were perforned on the 0.63 in.

speci mens. Results of the static tension tests are shown in
Figures 3-3, 3-4 and 3-5. The ordinate in the figures represents
the tensile stress (P/A) and the abscissa shows nean strain over
a gauge length of3.9.5 in.including the butt welded joint. From
these results it is found that the static ultimate strength of
the test specinens decreases as msalignhnment ratio increases.
Figure 3-3 indicates that mld steel specinens with msalignnment
ratios equal to 0.4 and less have a significant plastic deforma-
t,ion range, while the § = 0.6 spocimen sustains about half that

delormal fon.,

M salignment ratios of up to 0.4 appear, from a pure stress
stand point, to be acceptable. Revised (g is as follows:

¢ = 2; GOg= 59.0 ksi
$= 0.4; Og= 57.8 ksi
€= 0.6; Os= 52.0 Ksi

Al four specimens of HT-50 exhibit a large plastic strain zone,
and the HT-60 specinens do not.

Failure of the specinmens generally occurred in the base netal.
and not in the welded ,joint.

Fati gue tests were also perforned on the mld steel specinens

while controlling tensile deformations. Figures 3-6 and 3-7
present test results for the 0.25 in. and 0.63 in. specinens, fre-
spectively. Tests were run on five different configurations ranging
from a machined piece with no weld to the 0.6T msaligned wel ded
joint. As expected, the fatigue lives of the specinens decrease
with increase in misalignment. This decrease in fatigue life is
clearly related to the increased stress caused by stress
concentrations at the weld toe and by the eccentricity of the
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misaligned plates.  Although the offect ol the minaligned plalen
cannot easily be correted, the severity of the stress concen-
tration factor can be |essened by dressing the weld.

B. "An Experinmental Study On Reduction O Fatigue Strength
Due To Discrepancy At Wl ded Joints” (Reference 13)

This study investigated the effect that misalignnment has on the
fatigue strength of a cruciformjoint. The test specinens used
are shown in Figure 3-8. Al'l specinens were of SS-41 steel,
whose nechanical properties are presented in Table 3-1.

The speci nens nodel ed msalignment equal to O OI, 0.25T, O 50T,
1. 0T and 2. Or. Each specinmen was tested to failure under cyclic
| oading. Figure 3-9 presents the results of these tests.

Table 3-2 summarizes the effect of increasing the nunber of
cycles as a function of degree of misalignment. The infl uence
of misalignment is nore significant in the high cycle range

(N = 103~ 103) than in static tests.

3.3 QUALITY CONTROL AND ASSURANCE

Two references are sumarized in this section. Each describes a
separate approach to the problem of evaluating the acceptability
of structural inperfections and construction errors.

A "The Acceptability Of Wl d Defects” (Reference 16)

Al though this paper deals exclusively with weld defects, the
suggestions nmade and methods described could be adapted to ms-
al i gnnment . What follows is a general discussion of the paper
with specific refercnce to nodifications that would enconpass
m sal i gnnent and structural inperfections.

The expressions "fitness for purpose”, “significance of defects”,

“critical defect evaluation”, and “engineering critical assessnent
have been introduced in recent years as an attenpt to show
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J L L
CYCLES™ omm |2um(@@) laum (Z) | svm (1) [remm (27)
% 100 97 93 86 78
10° 100 96 92 83 79
10° 100 39 3¢ 79 -
10” 100 85 79 73 64
TABLE 3-2

REDUCTION IN EFFECTIVENESS (PERCENT) AS A

FUNCTION OF MISALIGNMENT AND NUMBER OF

CYCLES

(REFERENCE 13)




justification for allowing structural inperfections to remain
and as an incentive to high quality worknmanshi p.

Exi sting standards are sketchy and arbitrarily evolved. Each
classification society maintains their own set of informal
gui deli nes, generally not released for shipyard use.

Two strong argunents can be advanced for the adoption of
realistic acceptance standards:

1. Econoni c: The l|abor cost involved in repairing, reinspecting
and re-repairing where necessary, while large, is probably
i nsignificant conpared with cost of delays.

2. Ri sk Factor: The danger that exists in repairing a harnless
and readily detectable defect is that a nmore harnful |ess detect-
able fault will be introduced

The aimis not to inpose standards that will result in a genera

| owering of structural quality but rather to arrive at a set of
standards that are reasonable and allow the structure to perform
its intended purpose. Figure 3-10 depicts a proposal by the Inter-
national Institute of Wl ding Conmm ssion for WIlding Standards
Level B is the fitness for purpose quality fixed on the basis of
engi neering assessnent with a suitable factor of safety. Level

A is the quality level indicating good workmanship. Bet ween

Level s A and B, no repairs are necessary but the reasons for the
loss of quality are investigated with a view to encouraging a
desirable trend towards inprovenent.

The followi ng recommendati ons have been made for the shipbuilding
i ndustry

1. Each basic ship design should be divided into various areas
for the purposes of quality control and acceptance
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2. Two sets of linmts or standards should be devel oped for
each area, one designated "Fitness For purpose” and the other
known as the "Wrkmanship Standard”.

B. "Assessnent O Inperfections In Ship Structural Design”
(Reference 17)

The nmain purpose of this paper is to describe a rational nethod
of investigating the effect of changes in tolerance |evels on
structural design. \Where tolerances are to be assessed it”

should be possible to investigate in a rational way:

1. The consequences of relaxing or tightening the tolerance.
2. The consequences of varying the tolerance depending on
| ocati on.

As far as structural design is concerned, the nmin effect of
altering tolerance limts is to either increase or decrease the

|l oad carrying capacity of the structure, thus altering the safety
and reliability of the structure. The areas that will affect the
risk of failure of the structure are:

Di nensi onal Control

M sal i gnnent

Def ormati on

Wel ding/ Cutting Distortion

The inportance of risk associated with these categories depends
upon the consequences of failure. Too rigid a tolerance nmay be
prohibitive in cost.
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The reliability assessment system has been devel oped to study
and deternmine the effects of variations around a nean value in
the paraneters which describe the |oad, response and capability
of a struct,ure. This system may be used to assist in the

apprai sed of quality control standards for geonetrical varibles
which, in addition to overall structural dinensions, includes

i nperfections and misalignnent.

Structural reliability is defined as the probability that the
structure will perform its intended functions for a specified
time period when subjected to the operational |oading conditions.
A system designed to predict reliability would be used to

determ ne acceptable tolerances.

The reliability assessnment system is divided into four phases:

Phase |I: Data Base |nput Stage
Phase 11: Capability Assessnent
Phase I11: Loading Assessnent

Phase 1|V: Reliability Assessnent

Phase |I: Describes nmaterial scantlings, nmechanical properties,
construction data, and structural definition. It
forns the pernanent data base.

Phase |1: Accurately identifies the design variables and
determi nes type of distribution for each variable.
In addition to these a capability distribution is
est abl i shed.
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Phase 111: Is a statistical definition of the wave induced
and still water |oads with necessary probability
density functions.

Phase | V: This phase relates reliability to either damage
or coll apse.

This system could be used as a framework to hel p determnine

permi ssible standards (tolerances). The shortcom ngs noted for
this system are that the locations of details are not considered
with respect to the overall structural configuration |ikew se
the consequence of failure of a detail or arrangenent on the
overal |l behavior of the structure varies with the |ocation of
the failure.
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Section 4
RESULTS OF FINI TE ELEMENT ANALYSES

4.1 GENERAL

The problem of nisalignment has been discussed extensively,
but as shown in Section 3 actual data are neager. Sone ship-
yards have performed finite elenent or other analyses on
specific alignnent problens, when repair of such areas did
not appear practical or possible. However, the results of

t hese anal yses have not been formally presented to the

i ndustry.

For purposes of this study, finite elenment analyses have been
carried out. Three types of joints have been studied

fillet welded cruciform full penetration welded cruciform
and butt wel ded. I n-pl ane | oading has been investigated

for varying degrees of misalignnent. The results obtained
from these anal yses, while not conplete, will wth good

engi neering judgenment facilitate the devel opnent of criteria
for a variety of msalignment conditions. It is also hoped
that this information may be hel pful in assessing cases not
covered in this study.

4.2 COVPUTER PROGRAM DESCRI PTI ON

Al'l investigation and analysis has been performed utilizing
the lces Strudl-I1 Conputer Program

Strudl uses a finite clenment nethod where the el enent stiff-
ness malrix is conputed from enerqy considerations, after

sc lecting a displacement or force expansion over the el enent,
and assuning that displacenents or force quantities in the



interior of the elenment depend on nodal quantities. The
stiffness analysis is a linear, elastic, static, snmall dis-

pl acenent anal ysis where joint displacenents are treated as
unknowns. For elements the analytic procedure provides
stresses or stress resultants and coupl es, principal stresses,
strains, and principal strains, usually conputed at the
centroid of each elenent.

For additional program docunentation and the description of
pl ane strain nethodol ogy see References 18 and 19.

4.3 FIN TE ELEVMENT RESULTS

4.3.1 Elastic Analysis of Butt Wl ded Joints

The basic formof the butt welded joint used in this investi-

gation is shown in Figure 4-1. Figures 4-2 through 4-6
present the finite el enent nodels used in the anal ysis.
M sal i gnment of 6 = 0.20T to = 1.00T in increments

of 0.20T was investigated. Plane strain elenments have been
used because the plate is assunmed to be long in the Z-direction
with a uniformy distributed in-plane |load. The defornation of
the body at some distance fromthe ends is independent of the
Z-coordinates and the displacenents are functions of X and Y
only. If the ends of the plate are prevented fromnmoving in
the Z-direction, then Wis zero there. At the mdsection of
the plate, by symetry Wnust also be zero. Thus the assunp-
tion that Wis zero at every cross section of the plate. In
such a case, the strain conponents:

JE- -

au. -2V -
Ex= € Ay Ty Ay . Ax
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are functions of X and Y only and the strain conponents:

ow Qv
ay Az

are equal to zero

A uni axi al conpressive |oad was applied with a magnitude
equal to P (*/IN)acting over a cross-sectional area equal
to A (IN/INI,such that in the aligned case, the axial
stress (Qy) was uniform and equal to

Oy =&

The conpressive |oad does not detract from generality, since
linearity of response assures equal absolute stress magnitudes
for an applied tensile |oad.

Stress intensity factors, i.e. stress anplification of the
nmean stress for the msaligned butt welds have been plotted
in Figures 4-2 through 4-6. A stress intensity factor of
1.0 is the ideal design condition.

The stress intensity plots indicate maxi num stress concen-
trations at the toes of the welds. Gurney in Reference 20
has investigated and reported on the effect and magnitude of
these stress concentrations.

The stress intensity plots for the welded butt joints have
been constructed from the Ux (axial) stresses since these
are the dom nant stress conponents.

Table 4-1 presents a synopsis of the stress intensity plots

with corresponding maxi ma for each case of msalignnent.
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MISALIGNMENT MAX IMUM
S STRESS DaLt.
T-THICKNESS INTENSITY CacTual
FACTOR
De2 T = Qe2 IN. le67 Qe60
Q64T = Qa4 IN. 2435 Qe43
Oe6T= Oeb IN. 2490 Oe34
Oe8T= Qa8 IN. 3450 Oe29
60T = [eO IN. 3490 Oe26
TABLE 4-]

FINITE ELEMENT ANALYSIS RESULTS

FORWELDED BUTT JOINTS




The stress intensity factor, as stated earlier, is the
factor by which the peak stress exceeds the mean or P/ A
stress across the section. The third colum in Table 4-1,
0 211/ T Actual, is the inverse of column 2, namely the
ratio of mean section stress to nmaxi mum acceptable stress.
The elongation for the total length of the nodel, i.e.
9.6 inch, For $=0.0 is 0.0064 inch.

’

Figure 4-7 represents a nodified plot of data in Table 4-1.
The abscissa indicates percent nisalignnent with respect to
plate thickness; the ordinate represents the ratio of
average stress to allowable stress, where the allowable
stress is established by the designer. Three possible

val ues of allowable stress are assuned: 060y , incipient
yield, and total vyielding.

The curves are drawn against individual ordinates to provide
a visual neasure of permissible load anplitudes. Zone 1 is
limted by a peak stress of 0,60y Zone 2 is linmted by
Oviepr i.e. yield at some point in the structure, and Zone 3
by Juitimate , where the latter is defined not as tensile
failure but as the level at which the entire @gross-—section
reaches yield.

The applicability of this data is essentially limted to stati-
cally | oaded nmenbers, where the attainment of partial yielding is

general |l y accepted. Consequently a design guideline would

nost likely use the curve for Tace= Oviewo . For example,
For - Uare= Uvieco the average static stress with
- = 0.5 could be approximately 0.45 0, , i.e. 15 KSI for

a steel with g, = 33 KsI.
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4.3.2 Plastic Analysis of Butt Wl ded Joints

Generally, localized yielding will not be detrinental to the
structural integrity of the ship. Therefore sone structura
el ements may be stressed above the elastic limit. This
section discusses how the finite elenent nmethod has been
used to determine the elasto-plastic response of structura
configurations considered in this study.

The elastic response of a structure for any given |oad
condition can be checked against the capability of the
structure. By this process the adequacy of the design can
be eval uat ed. The designer often perforns a sophisticated
elastic analysis of the structure and is then forced to nake
a series of sinplifying assunptions when deternining the
capability, thus negating the value of the analysis.

The finite elenent method has been used in this investigation
of the elasto-plastic behavior of plate structures. The
approach is a linear step-wi se procedure. The nethod assunes
the structure behaves linearly and that the total stiffness
matrix can be formed by considering the geonetry and nateri al
properties associated with the individual elenents at that
particular step. The analysis is acconplished in the follow

ing manner:
1. An initial load is chosen within the elastic range.
2. The Stiffness matrix for the structure is forned

based on the elenment material properties.

3. Load is increased until at |east one el enent nodal
stress reaches viewo .

4-13



4, El enents that indicate yielding are replaced with an
artificial force system which is equilibrated to
the resistive body forces at vyield.

5. Conbi ned elastic Properties and the artificial |oad
system are used to continue the analysis.

6. The process is repeated until a transverse section of
the structure experiences total Yyielding.

(For additional details see Reference 21.)

The case of 1.0T misalignment is the only condition investi-
gated in this analysis, and the data have been used to
extrapolate from the incipient yield curve to provide results
for all internediate cases of misalignnent.

The extrapolation is made by reducing the ratio of O Ult/ g
Yield at % = 1.00 by the value of $ , thus accounting for
the fact that at ¢ = 0 initial and total yielding occur

si mul t aneousl y.

Figure 4-8 represents the process of progressive yielding of
elements and Figure 4-7 shows the extrapolated curve for
OaLL = Ouitmate . Appendix A discusses the calcul ations
necessary for replacing the yielded elenment with the resis-
tive force system Results of this analysis reveal that the
total yield load is forty percent greater than the incipient
yield load at % = 1.0

4.3.3 Elastic Analysis of Fillet Wlded Cruciform Joints

The basic form of the joint and of the finite element nodel

used in this investigation of the fillet welded cruciform
joints is shown in Figures 4-9 to 4-13. M salignment from

6 = 0.0T to 6 = L.OT in increnents of ‘f = 0.20 was

i nvest i gat ed. Plane strain elements with a thickness equal

to 1 inch for the misaligned nenbers and 1/2 inch and 1 inch for

4-14
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the continuous through plate were used. A root gap of
approximately 1/16 inch has been included in the nodel.

A uni axi al conpressive load was applied. Stress intensity
factors for the msaligned cruciform joints have been
plotted in Figures 4-14 to 4-23.

The stress intensity factors indicate |arge stress concen-
trations at the toes of the fillets and at the corners of
the root gap. This is consistent with work done by Gurney
(Reference 20), and Sotah (Reference 22).

The stress intensity plots for the welded cruciform joints
have been constructed from cal culated Von M ses stress
wher e;

Tvon=v/ Tx *Ov=0x R +3 Ty = TacTuaL
(See Figure 4-1 for explanation of terns.)

Tables 4-2 and 4-3 present the stress intensity factors
with corresponding maxi ma for each case of msalignnent.

The maxi mum stress intensity factor occurs at the toe of the
fillet weld.

Figures 4-24 and 4-25 present a series of curves based on
Tables 4-2 and 4-3. The abscissa indicates percent nis-
alignnment with respect to plate thickness; the ordinate
represents the ratio of average stress to allowable stress.
Figure 4-24 depicts three curves and four designated zones
for the fillet welded cruciform joints with a through plate

t hi ckness of QO 5T. Figure 4-25 presents simlar data for a
t hrough plate thickness of 1.OT. The TuLTI MATE curve has
been approxi mated by use of results reported in the follow ng
section.
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MISALIGNMENT | MAXIMUM

. STRESS TaLL.

’ INTENSITY
T - THICKNESS EACTOR TacTual
Oe2T = Qo2 IN. 16 7 0e60
OedT = Oed IN. 2605 Oe49
0e6T = Qb IN. 2e73 Qed7
08T = o8 iN. 3424 De3|
loO T= I.O iN. 4.06 0025
TABLE 4-2

FINITE ELEMENT ANALYSIS RESULTS
FOR_FILLET WELDED CRUCIFORM JQINTS
W/ THROUGH PLATE THICKNE SS = Qe50T

>
1

32



MISALIGNMENT

MAXIMUM
5. STRESS JaLt.
| INTENSITY —O—.——
T-THICKNESS TACTOR ACTUAL
02T = Qe2 IN, le6&7 0e60
OedT= Qe4 IN, 2629 Qe 44
Oe6T= Qo6 IN. 2eS| Oe36
OeB8T= Qo8 ]N. CPYAY QOe29
10T = 1e0 IN 4607 0e25
TABLE 4-3

EINITE ELEMENT ANALYSIS RESULTS

FOR FILLET WE(DED CRUCIFQRM JOINTS

W/ THROUGH PLATE THICKNESS = 6O T
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4.3.4 Plastic Analysis of Fillet Wl ded Cruciform Joints

Plastic analysis for the cruciformjoint has been perfornmnmed
only for the case of 0.6T nisalignment. Results of this
anal ysis are recorded in Appendix A and have been used to
devel op the curve ( Jummate )} shown on Figures 4-24 and
4-25. Figure 4-26 illustrates the progressive yielding as
calculated for the finite el ement nodel

4.3.5 Elastic Analysis of Full Penetration Cruciform Joints

The basic formof the joint used in this investigation of the
full penetration cruciformjoints is shown in Figures 4-7 to
4-11, which describe the finite elenent nodels used in this
analysis. Msalignment of 8 = OOl to 8 = 1.0T in incre-
ments of $ = 0.20 were investigated. Pl ane strain el ements
with a thickness equal to 1 inch for the m saligned nenbers
and 1/2 and 1 inch for the continuous through plate were

used in the analysis. A root gap of O inch has been included
in the nodel

A uni axi al conpressive |oad was applied as previously des-
cribed in Section 4.3.3 stress intensity factors for the

m sal i gned cruciform joints have been plotted in Figures
4-12 to) 4-22. These stress intcnsity plot do not exhibit

the large internal stress concentration that were evident

for the fillet welds with root gap. The maxi mum stress
intensity factor occurs at the toe of the reinforcing fillet.
The plots have been devel oped using the dom nant Ox Stresses.

Tables 4-4 and 4-5 present the stress intensity factors with
correspondi ng maxi ma for each case of m salignnent.
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MISALIGNMENT | MAXIMUM
S: STRESS _JaLL._
INTENSITY T
O.2T= O.Z iN. |o34 0074
Oal8T= Qed IN. le78 NeS6
OecT= QeGIN. 2251 0e40
Oe8T= Qe8IN. 3¢2 | Oe 3!
l.OT= |oOiN- 402‘ Oc24
TABLE 4-4

FINITE ELEMENT ANALYSIS RESULTS

FULL PENETRATION CRUCIFORM JOINTS

W/THRQUGH PLATE THICKNESS = Q50 T




MISALIGNMENT |MAXIMUM
5 STRESS CaLL.
THICKNESS INTENSITY =
T THICKN FACTOR ACTUAL
Qe2 T = Q62 IN 1647 ) e68
OedT = Qe4 IN 2¢O Q48
Oe6T= Qe& IN 2e67 Oe37
O.BT = 008 IN 3.32 O.BO
IQOT - IQO IN 4.02 0.25
TABLE 4-5

FINJITE ELEMENT ANALYSIS RESULTS

FULL PENETRATION CRUCIFORM JOINTS

w/ THROUGH PLATE THICKNESS=1e0T




Figures 4-27 and 4-28 represent plots of the above data
Each depicts three curves and four dcsignated zonesfor the
full penetration cruci formjoints with a through plate

thi ckness of 0.5T and 1.0T, respectively. No elasto-plastic
anal ysis was performed on these joints: Instead, the
information presented for the fillet welded cruciformjoint
has been used to construct a set of extrapolated JULTI MATE
curves.
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Section 5
FATI GUE STRENGTH OF M SALI GNED JO NTS

5.1 CGENERAL

The nost critical ship structural elenments are generally
subjected to cyclic or fatigue type of loading. For such

el ements the guidance to be obtained fromthe results of the
preceding static finite element analysis is not sufficient.

Reference 12 and 13, discussed in detail in Section 3, provide
experimental fatigue data related to msaligned butt welded and
cruciform joints. Although these data by thensel ves provide
little guidance to the designer, they form an adequate basis
for-extrapol ated and generalized data to be derived and

di scussed in the follow ng paragraph.

5.2 NMETHODOLOGY

The avail abl e experinmental data are for a stress ratio R=10
(Ris the algebraic ratio of mninumto maxinnum stress).
Al though it is becom ng generally recognized that stress range
is more relevant to the true fatigue performance of welded
elenents than is stress ratio (Reference 23), these experimental
val ues have nonet hel ess been extrapolated to a stress ratio

= -1 (full stress reversal). That stress ratio is nore
typi cal of ship structural behavior, nore conservative for
design and as will be seen, sinplifies the response analysis.

Extrapolation is performed by using a factor corresponding

to design fatigue stress values for mld steel taken from Table
10.4 of Reference 24. The experinental data are limted to
tests up to 105 cycles, whereas a twenty year ship life
corresponds to about 108 wave encounters or cycles.

Extrapol ation to the higher range is made by using ratios of

hi gher cycle fatigue strength, i.e., 6 x10°and 2 x10°

to strength at 10°cycles, again taken from Reference 24.

The final extrapolation to 10°cycles is made graphically.

5-1



The expressions used to formthe above ratios are:

No. of Cycles Al |l owabl e Stress

2,000, 000 F,.= 19000
(1 - 0.73R

600, 000 F.= 24000
(1 - 0.60R

100, 000 Fa = 28000
(1 - 0.75R)

Wher e
= Al l owabl e unit fatigue stress, psi

R = Algebraic ratio of mninumto maxi num stress.

The fatigue curves for butt and cruciformjoints, discussed and
shown in Sections 5.3 and 5.4, are then used to cal culate (by
an iterative process) the maxi num perm ssible stress range for
a stress histogram of a ship structural elenent over 10°cycles.

A sanple histogramis shown in Figure 5-1. Note that with
nunber of cycles plotted on a logarithm c abcissa, straight
line elements join maxi num and zero stress levels. This is an
approximation justified by a generally simlar nmeasured pattern
of probability distribution for linearized ship responses to a
long term sea spectrum

Maxi mum val ues of stress used in constructing the histogram can
be approxi mated by the cal cul ated response to bendi ng nonent,
shear or pressure corresponding to peak quasistatic design wave
hei ght, such as L/20 or u+/C

The Pal ngren-M ner cunul ative fatigue damage theory is used in
conjunction with a finite subdivision of the histogram
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The expression

* —;‘fi-so.s

Wier e n!
NI

nunber of cycles at stressd;
nunber of cycles to failure atG;

inplies a two-fold margin on service lite.

By using R= -1 the stress ratio is equal for every block in
the histogram which sinplifies the calculation and greatly
reduces the quantity of required experinmental data.

As an exanple, the final iterative cycle to establish the
extreme perm ssible stress range corresponding to the S-N

diagramin Figure 5-5 is outlined bel ow

Step 1. The maxi mum stress is divided into eight equa
increments and these are plotted on the ordinate.

Stress increnment = 1 Kksi
Val ues plotted: (8, 7, 6, 5 4, 3, 2, 1)

Step 2. Extend lines parallel to abscissa until they cross
the respective S-N curve.

Points of intersection are to be used as N val ues.

Step 3. Cal cul ate cumul ative damage factor
i=1 .
35588 + B + B0+
')‘,‘W t QeS2

Own
N—O.SO
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5.3 FATI GUE DATA FOR SEAMS AND BUTTS

Figures 5-2 1o H=% are the SN diagrams [or butl welded platen
with msalignnent varying from0.0 to 0.6T. The R = O curves
are shown only as reference.

Cal cul ating maxi mum perm ssible stress range for R = -1 by the
met hod of Paragraph 5.2 leads to the summary in Table 5-1. The

tabul ated values can be very useful in the evaluation of
functional adequacy of msaligned joints subject to cyclic

| oadi ng.
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TABLE 5-1

MISALIGNED BUTT WELDS

C?T MaxIMUM STRESS RANGE(R”D
0eO 37200 PSI
Qe 29200 PSi
Qe 4 26000 PSI
Qeb 15600 PSI
T S
P A
o - - ¥ —

MAXIMUM CALCULATED STRESS
RANGES FUR MISALIGNED BUTT
WELDS EXPERIENCING CYCLIC LOADING



5.4 FATIGUE DATA FOR CRUCI FORM JO NTS

Figures 5-6 to 5-9 are the S-N diagrans for cruciform wel ded
plates with nisalignment ratio & varying from0.0 to 1.0.
Again the curves for R= O are shown only as reference.

Cal cul ated maxi mum permissible stress ranges for R = -1 are
listed in Table 5-2.
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TABLE 5-2
MISALIGNED CRUCIFORM JOINTS

(R=-1
é7T, MAXxIMUM STRESS RANGE )
Q0 38400 PS!

Qe 25 32800 PSI
Qe S0 28000 PSS!
o O ~ 23000 P<si |
A
. T| 5
7
< _ 1 Y
- =
— Ly
3 T=T
n 1= 12

‘MAXIMUM CALCULATED STRESS
RANGES FOR MISALIGNED CRUCIFORM
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Section 6
DATA FOR M SALI GNVENT ACCEPTABI LI TY GUI DELI NES

6.1 GENERAL

This section sunmarizes the results of static and fatigue
anal ysis of butt wel ded and cruciformjoints discussed in
Sections 4 and 5. The relevant plots and tables fromthose
sections are reproduced here for easy reference. The
[imtations inherent in their potential use can best be .
understood by reading earlier sections.

6.2 STATI C LOADI NG GUI DELI NES

6.2.1 Seans and Butts In Plating

Al'though the title of this section inplies seans and butts
in continuous plating, it is not the intent of this section
to exclude butts in web plates, flanges, etc.

Figure 6-1 depicts basic butt msalignment conditions as a
function of type of | oading.

The | oadi ngs presented in Figure 6-1 can be described as
foll ows:

Loading 1 Describes a tensile or conpressive |oad which
this and other studies have found to create the nost severe
stress condition resulting fromthe eccentricity of the
reactive or resistive forces, and the stress concentrations
devel oped at the toe of the weld. Results indicate that
initial yielding occurs in this area.

Loading 2 Indicates a pressure |oading or sone form of

bending load. The effect of this loading on the joint is
limted to the stress concentration occurring at the toe of.
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the weld. As long as an adequate section nodulus is main-
tained through the joint, its strength will depend on the
magni t ude of the stress concentration factor and not on
the degree of nmisalignment. The stress concentration may
be reduced by tapering the weld.

Loading 3 Depicts shear loading on the joint. For this
case, the degree of msalignnent is not a factor as |long as
the cross-sectional area in the weld is equivalent to that
of the plate.

Figure 6-2 presents a set of curves that could be used to
determine the misalignment limt for a butt joint. Four
zones are shown which can be used to deternmine the ratio of
average stress to allowable stress. Average stress is that
at a distance fromthe joint and allowable stress is a limt-
ing value based on judgnment and experience.

Zone 4 is definitely unacceptable since it inplies |arge
plastic deformation and potential failure. Simlarly Zone 1
is too conservative: An allowable stress of 0.6% is
acceptable as an average value, with the tacit understanding
that some |ocal increase in acceptable.

Acceptability criteria woul d be expected to center about the
incipient yield line that separates Zones 2 and 3. |In a
potential application, static strength should be checked
whet her or not fatigue loading is a consideration.

Suitability for purpose nust be considered: Prinmary hul
structure such as deck or bottom plating should be designed
and built to stricter alignment tol erances than deckhouse
fronts or tween decks, for exanple.
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6.2.2 CruciformJoints In Plating

Figure 6-3 depicts the basic msaligned | oading conditions

corresponding to cruciform joints. As discussed in Section
6.2.1, load type No. 1 is the nobst severe and the only one

specifically considered in this study.

Figure 6-4 presents curves simlar to those in Figure 6-2.
These curves can provide m salignnent guidelines for fillet
wel ded and full penetration welded joints with ratios of
intercostal to through plate thickness of 1.0 and 2.0.

Potential application of data for the four zones in Figure
6-4 is guided by the same criteria of suitability for purpose

di scussed in Section 6.2.1.

6.2.3Mdified Cruciform Joints In Continuous Plating

A nodified cruciformjoint has one or both of its intercostal
nmenbers entering the joint at an angle other than 90 degrees
(Figure 6-5)

Figure 6-6 describes the perfect alignnent case, where al
plate centerlines are coincident.

Since the force F can be broken down into conmponents, it is

evident that the nodified cruciformjoint can then be rel ated
back to the cruciformjoint described in Section 6.2.2.

6.2.4 CGeneral Categories

The potential for misalignment exists for any welded joint,

i ncluding chocks, stanchions, bul khead and deck stiffeners,
etc. Evaluation of a misaligned joint may permt assignnent
to either of the basic categories treated earlier
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Figures 6-7 and 6-8 depict a few exanples of joints with
potential m salignment which are comon in ship structure.

If a msaligned nenber is a conponent of a larger structural
systemit may deserve special consideration. For exanple,

a single msaligned stiffener in a transverse bul khead w ||
cause a load redistribution to adjacent nmenbers which inplies
a |less severe condition than if several stiffeners were

m sal i gned.

6.3 CYCLI C LOADI NG_GUI DELI NES

Ship bottom side shell and deck structural elenents are
subject to cyclic loading as a result of pressure, shear and
bendi ng nonment variation resulting from passage through
waves.

Limted experinental data on fatigue strength of m saligned
joints have been enpirically extended to provide a basis for

acceptability quidelines.

6.3.1 Butts and Seans In Pl ati ng

Figure 6-9 presents extrapolated S-N curves for a stress
ratio * R= -1 for butt welds with msalignment ratio $-
of 0.0, 0.2, 0.4 and O0.6.

The | oad spectrum for a ship elenent is generally nade up of
a few cycles at large stress anplitude with ever increasing
cycles at progressively |ower stress anplitudes. By using

t he Pal ngren-M ner cunul ative fatigue damage criterion with
a factor of safety of about 2.0, it is possible to establish
t he maxi mum permissible stress range (difference between
maxi mum and m ninum stress in a load cycle) for a given
degree of nisalignment. Those data are presented in Table
6-1.

* stress Ratio R = algebraic ratio of mninum to maxi mum

stress in a load cycle.
6- 10
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TABLE 6-1

MISALIGNED BUTT WELDS

T MAXIMUM STRESS RANGER )
0«0 37200 PSl

Qe 2 29200 Ps|

Qe 4 26000 PSI

Oeb6 15600 PSI

i s
i v T
= - e =

MAXIMUM CALCULATED STRESS
RANGES FOR MISALIGNED BUTT

WELDS EXPERIENCING CYCLIC LOADING

6-14



The maxi mum stress range can be approxi mated during design
eval uation by cal cul ati ng maxi mum and m ni num stresses due

to pressure, shear or bending noment based on any established
quasi static extrene wave height criterium such as L/20 or
-L;ﬁ? . Cyclic distributions other than those due to |ong
term exposure to waves shoul d be cal cul ated by direct
reference to the S-N diagrans of Figure 6-9, using the

met hodol ogy di scussed in Section 5.

6.3.2 Ctuciform Joints

Figure 6-10 presents extrapolated S-N curves for a stress
ratio R = -1 for cruciform joints wthg msalignment
ratios of 0.00, 0.25, 0.50 and 1.00.

By the nethod discussed in Section 6.3.1, nmaxi mum cal cul at ed

stress ranges for cruciformjoints subject to long term
wave |oad distributions are shown in Table 6-2
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TABLE 6-2

MISALIGNED CRUCIFORM JOINTS
cs7‘r, MAXIMUM STRESS RANG(&?:—'
orye) 38400 PSI
Q.25 32800 PsI
Oe SO 28000 Psi
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Saction 7
SURVEY OF STRUCTURAL ALTERATI ONS TO
CORRECT M SALI GNVENT

7.1 GENERAL

During ship construction structural alterations are sonetines
required to correct construction errors and to accomodate
design nodifications made during the manufacturing process.
These may include addition or deletion of tenporary and
per manent openings, reduction in scantlings, msalignment,
unfairness, etc. These alterations and corrections nust be .
made in a manner that neets the physical and operational

obj ectives of the specification and the requirements of the
regulatory agencies. It is in the best interests of the

shi pbui | der and the owner that these alterations be accom
plished in a tinely manner, using the nost econom cal

conmbi nation of material, |abor and facilities, to produce a
product that meets the above requirenents.

The follow ng sections provide the designer with a collection
of corrective nmethods for msalignment errors that have
exceeded permissible limts. No recommendations acconpany
this review

7.2 M SALI GNMVENT OF BUTTED MEMBERS

M sal i gnment of butted menbers may range fromvery |arge
(200-ton) units to single flat bar stiffeners. Wen plating
m salignment is to be corrected, the nost often used nethod
is to force the two plates into acceptable alignment by the
use of jacks, wedges and weights and then weld the joint.

To reduce the effect of stress concentrations, the weld is
tapered or “buttered” so that the toe angle is small. Ms-
alignment of butts or seans in plating is generally allowed
only over a snall portion of the total joint |ength.
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7.2.1 Flanges

Figure 7-1 depicts a msalignment condition between nenber

fl anges. Five nethods for correcting this msalignment are
presented. Methods 1, 2 and 3 involve the renoval of a
section of the web plate and possibly of the flange and the
rewel ding of a tailored section which provides a continuous

|l oad path for the flanges. Methods 4 and 5 show the inclusion
of a flange reinforcing menber which requires |ess work but
conversely will introduce higher stress concentrations.

7.2.2 \\eb Pl at es

Figure 7-2 indicates three methods for correcting msalign-
ment of butted web plates. These nmethods nay be applied to
tees, angles and flat bars. Wien m salignnment between web
pl ates occurs, the nost comon correction nmethod is to cut
the web plate free of the supporting nenber and force the
webs into alignment. Method 2 presents an exanple of the
correction with a recommended di sengagenent |ength of 50T
where T = web plate thickness. \When the misalignnent is too
great to force the webs into alignment it may be necessary
to replace a portion of the nmenber. Method 1 depicts the
introduction of a skewed filler piece while Method 3 shows
the addition of a web splice and a flange doubler plate.
Wien the m saligned nmenbers carry large |ateral |oads and
are skewed, knuckled or bent, it is reconmended that a
support nenber be installed as close to the knuckle as
possi bl e, see Figure 7-3 for details.

7.3 M SALI GNMVENT _OF CRUCI FORM JO NTS

Cruciformjoints are the nost susceptible to msalignnment.

This form of msalignment would appear to be a direct result

of inaccuracies in fit-up and the inability of the shipfitter
to properly locate back-up structure. This problem may

range in severity fromthe single msaligned bul khead stiffener
to the conplete msalignment of the machinery casing with its
back-up structure.
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7.3.1 Conti nuous Pl ating

M saligned cruciformjoints are normally corrected by
increasing the leg of the fillet weld or by adding doubl er
plates. Figure 7-4 presents three nmethods by which m s-
alignnent may be corrected. Method 1 shows a weld increase,
however this method is linited to small values of & Since
the larger the weld size the greater the opportunity for a
poor weld and for excessive deformation.

Met hods 2 and 3 enpl oy doublers or sole plates to inprove
the error in alignment. An evaluation of the adequacy of

t hese methods is not attenpted.

7.3.2 Stiffeners, Beans and Stanchi ons

Figure 7-5 shows conmon methods for correcting alignment
errors in the above structural elenents.

7.4 M SALI GNMENT OF MODI FI ED CRUCI FORM JO NTS

Figure 7-6 depicts a msaligned nodified cruciform joint
with a set of common corrective nethods. Methods 1 through
3 have been discussed in Section 7.3.1, Methods 4 through 6
are simlar with some degree of nodification. This type of
detail is used for foundations, mscellaneous bul kheads and
where structure is added on and common reference points do
not exist.
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APPENDI X A

CALCULATI ONS FOR ELASTO- PLASTI C
ANALYSI S OF M SALIGNED JO NTS

Thi s Appendi x Contains Conputations Relative to
Section 4 - Results of Finite Element Analysis



APPENDIX A
PART A:

THIS APPENDIX CONTAINS THE COMPUTATIONS
NECESSARY TO PERFORM THE PLASTIC ANALYSIS FOR
THE BUTT WEILLCED JOINT WITH A 140T MISALIGNMENT.
SEE FIGURE 4-6 FOR CORRESPONDING DETAILS:

Loap Case |:
P=4000"5
ELEMENT 74 £ 79:

149
7 6 102
%0
<4 P
Yo 57 03
XG
Sx X Svy Sxv:
149: 2144 | PS| -6034 8470
90: -8924 PS| - 6694 7400
96:—=32754 PSI - 4768 4430
97:- 18365 PSI + 1409 3794
102: -31714 PS| - 3049 640
103: 17854 PS | + 2751 -3049




;7 =_V5xx2+ SYve-Sxx Syy +35xY2

149: -24124 PSI
90: 15132 PS|
96: 31600 PSI
97: 19234 PS|
102: 30325Ps!
I03: 20083 PSI

NODE 96:
O}= 31600 PSS!l < O—YlELD
P- 40008 - ELASTIC RANGE:
YIELD LOAD:
Py = 4000 U1/ c00 = 417718
YIELDING OF NODE 96:
NODE 102:
YieLp LOAD: Py= 4353LP
ELEMENT 79 MUST THUS BE MODIFIED TO REFLECT
ARTIFICIAL MATERIAL PROPERTIES.

96 102

gl2lF

@ 03




53| ?
3713'-B 5148LB

T?GLB

R

p=4200-2

ELEMENT 24,28,33:

ELEMENT 79 YIELDS SEE DETAIL A,

a-3

28 34
24 28 33
29 35
Sxx: Syy Sxvy
2816080 PS| 2070 PSI 482 PSI
29:-27288 PSI -2505 PS| 530 PSI
34:-13782 PSI 2063 PSI 3184 PSI
35:-28000 PSI 3739 PSI 3881 PS]|
J+:
17222 PS|
26141 PSI
15907 PS|
30787 PSI

FIGURE 4=8 ,



YieLD LOAD: __NQDE 3%

p,, = 4200X Iy 40787 = as00-B

YIELD LOAD: NODE 29: Py= 5300LB

ELEMENT 28 £33: NODE 35 YIELDS AT P=4500.-B
SEE DETAIL B, FIGURE 4-8.

ELEMENT 28,33:NODE 35
ARTIFICIAL MATERIAL PROPERTIES:

28 0 33

¢570 ?

ELEMENTS: 74,7S,79,80,84,85:

149
74 _@ @ | 0
}5% 79 84
9| 102
a8 @ 110




90
91
96
97
98
102
103
104
108
109
o
149

Sxx:PSlI
-14875
- 13940
- 32145
- 23691
- 15778
- 31882
- 21991
- 1238l
- 32261
- 2203l
- 12164

.= 18808

SYY: PS|

-1787
-1520
-4773
- 2614
- 290!
-2124
-462
- 300
-3008
-1170
- 400
-4356

Sxvy: Psi

4468
- 272
3201
2223
~ 103
4350
1973
1219
-5563
- 4965
2885
c88I

J7: PS

16055
13253
30664
22825
14547
31780
22032
12415
32336
23128
12970
20805

Py -NODE 108 = 4600-5

ELEMENT 84,89: NODE 108: SEE DETAILC, FIGURE 4 -8

REMOVE NODE 108: 1SO
76
il 48 S740Q"




Loap Case &

REMOVE NODE 29:

&)

P= 4600-B + INCREMENTAL LOADING
P= 53008 /NODE 29 YIELDS.

Sxx:PSI  Syy:PSt SXY: PSI
90 ' -18056 -1930 5663
91  -13600 902 1707
97 -30604 ~5032 2568
98 -20222 ~3727 ~
103 -28584 - 1491 1251
109 -27620 -2037 - 4803
149 -2072| -4003 7870
PYIELD:
NODE 97: 6077-B
v 103: 63378
. 109: 6263-P

T

5

- EﬂOS l

—

6

SEE DETAIL D,FIGURE 4 -8 .

A-6

- PSI

19776

14380

28780
18680
27592
27928
23415



LoaD Case 4

P= 5300L-B+ INCREMENTAL LOADING

AT P=6000LB
!Sxx: PsI Syy:psi
97 -36623 —7158
98 -24188 —4696
103 -34729 —2367
104 -18303 . + &3
109 -33382 —3399
1o -18478 - 231

YIELD LOADS:
Pyg7 = sg2stB
Py_103=58775B

P, _ - LB
y-109=6042 <30

3713

-

Sxv:pst Oy Psi

2886 33990
76 22216
1333 . 33687
1550 18500
.= 4520 32767
4592 20010

% % lfO 1ISO

‘;N48 *

|

531

—g—

3690

G R ©

*53| 247‘

9

&
|

0

9B)

SEE DETAIL E, FIGURE 4 — 8.

A=7



Loap CaAse. 5:
P= 8008 + INCREMENTAL LOADING

FAILURE OF SECTION AT s87sbtB,




SUBSTITUTE ARTIFICIAL. LOADINGS TO MODEL
YIELDED ELFMENTS,

SEE DETAIL  FIGURE 4-26 FOR LOAD CASE 2
RESPONSE.

NODE 72 xoas‘i-B -8
o |
LB |
4806 3264LB
NODE: 84,90 - o-B LB
32648 « 2272°
&1
NODE :90.96, 102 :
LB 1atB igkB ast®
R
32728 , v 3220° 3180-F

A-11



NODE:102,108*

asl-B o8
3180if 4 v __:'saaci—a
ee)
(84 ]
|

LOAD CASE 3:
P=g350-B

A-12




PART B

THIS SECTION CONTAINS THE COMPUTATIONS

Loap CAsE I:
P= 5430l B
ELEMENTS: 54,59.64,69,74,79,84:

Sxx Syy Sx Y

72 - 28625 -3172 8028
78 - 34655 -3700 170
84 ~29637 ~ 1938 18
20 ~29115 -1767 -73
96 ~28710 -1746 -7
102 ~27976 ~1927 926
108 -27522 -2211 4026
Y1ELD LOAD: PY=33000/O"‘ 5430

72 Py = 5870LB

78 py = 5436L5

84 Py = 62405

90 Py =633gLB

96 py = 64288

1 02 Py = 661158

108 Py = 65435

NECESSARY TO PERFORM THE PLASTIC ANALYSIS

FOR THE FILLET WELDED CRUCIFORM JOINT WITH A
06T MISALIGNMENT.

SEE FIGURE 48-11 FOR CORRESPONDING DETAILS.

30528
32962
28718
28273
27878
27111

27388



NODE 78:

,FIGURE 4-26 FOR INITIAL YIELDING.

SEE DETAIL
ne L5 16"
292:‘-5 f
9 @\/. c4
LoaD CASE 2
P= 5800-°
ELEMENTS: 54,59,64,69,74,79,84:
Sx x Syy Sxvy

72 -30283 -3476 8586

84 -31930 ~1798 187

90 -31013 -1858 71

96 ~30662 - 1868 74

102 ~-29862 - 2060 495

108  —29374 -2357 429%
Y1ELD LOAD: PY=33000X §8OyU

72 Py = 5920-B

84 py= 63430

90 P,= 6353L°

96 Py= 6413LB

102 Py= 66230

108 Py= 6548LP

A-10

32327
30173

"30127

29844
28900
29232
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Section 1
| NTRODUCTI ON  AND SUMMVARY

Differentiated fromthe unrestrained | ateral-torsional buckling
of beans, the lateral-torsional buckling failure node of

pl ate-stiffeners is by laying-over or tripping about an
enforced axis of rotation (the stiffener-to-plate line of
attachment). Like Euler buckling, tripping is a possible
primary node of failure which nust be prevented. There are
three basic design procedures to prevent tripping failure:

1. Use sections having sufficient torsiona
rigidity for unbraced span |ength.

2. Use internediate | ateral supports to
reduce unbraced span |engths.

3. Use tripping brackets to reduce unbraced

span | engths.

The objective of this study was toprovide guidelines to
establish the need for tripping brackets, their spacing and
their configuration. Mtivation for the study was a consensus
anmong shi pyard designers that this guidance was | acking, and
that the costs incurred by arbitrary placenment of |arge
tripping brackets are excessive.

The guidelines are presented in summary formin Section 2, with
application exanples in Section 3. Tripping bracket configura-
tion is briefly discussed in Section 4. Although the design
gui delines are self-contained, maxinmm benefit and understand-
ing wll be obtained by reading the outline of analytica

t echni ques enpl oyed in the study, which are presented in
Section 5.

Review of the literature |eads to the conclusion that
researchers have preferred to refornul ate existing solutions
rather than build on the background of others. The conpilation



in this study should help focus attention on those areas O the
trippi ng phenonenon nost needing attention: a) behavior of
asymmetrical stiffeners under |ateral |oad (bending), and b)
experinental verification of all fornulations. Not only is the
tripping problem for asymetrical sections in bending unsol ved,
but there appears to be no accurate nethod for calculating the
stress distribution in such a nmenber other than finite el enent
analysis. The latter is unacceptable for routine design work.
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Section 2
TRIPPING INSTABLLITY DESIGN GUIDBLINES

2.1 AXIAL COMPRESSION

2.1.1 sSymmetric Sections

Flat Bars
+ 2
(2-1)
Tees
Frais the larger value of Equation (2-2) or (2-3)
2 2
O.35A;E_ . bp dw . - (2-2)
Fra== .—.j:- L Ads?, 3 +2dw 3)
"Po s /éh
2
£ _O.B0AcE ( bpdvl)
To= .. T (2-3)
2.1.2 Asymmetric Sections
Angles
FTo is the larger value of Equation (2-4) or (2-5)
F. . O:SOAGE / e & (2et)
o- -
T PO A‘\(Syir‘? + Zdw/'r\?/) _
25A0E [ dE
ﬁn____iL__(_L_M
Ipo 1 (2-5)
2.2 LATERAL BENDING
2.2.1 Symmetric Sections
Flat Bars
0.13E +
FTb‘”-TngL_ (2-6)



Tees

I ls the laryer value of Equation (2-7) or (2-8)

[\
.
(O]

FTb= O-|7AP E / bf‘ dz
sV W)

2
£, - O:90AE ( bg d
Tb dy Sx _JiJL

F g = 0+60E/ zb/f)c (7dw)3

TRIPPING IN THE -INELASTIC RANGE(FT>%4W)

2.5

F
FT'|=FY("' 4;1'0)

COMBINED AXIAL COMPRESSION AND LATERAL BENDING

Symme

tric Sections

2.6.1 Reguired Stiffness
CF1A
KREQJD - _L"ﬁ-—-
2.6.2 Required Strength
CFfA
Porucr =LA
Number of Spans 2 3 4 8 210
Cy 4,00 6.00 6.82  7.80 8.00

(2-7)

(2-8)

(2-10)

(2-11)

(2-13)



2.7 DEJSIGN FACTOR OF SAFETY

The tripping stresses cal cul ated by using the design guidelines
have a factor of safety of 1, j.e, they are the theoretical
critical values. Rather than apply an arbitrary factor of
safety, it is recommended to equate tripping stress to 1.00 to

1.15 times the proportional limt. Below the proportional
limt the full strength of the section is not being utilized
whi | e above the proportional Iimt the strength drops off
rapidly.

2.8 NOMENCLATURE OF DESI GN GUI DELI NES

The follow ng definitions of synmbols and terns are to be

understood, in the absence of other specifications, where they
appear in the design guideline.

A Cross sectional area of stiffener

Ar Cross sectional area of stiffener flange

), Stiffener flange width to thickness ratio

bg Flange width

Ci Span dependent constant

dw Stiffener depth

E  Young’s nodul us

fo Axial stress

f, Bendi ng stress

F., Axial tripping stress

F.. Bending tripping stress

F,., Elastic tripping stress

F.. lnelastic tripping stress

F.. Flange tripping stress

l., Stiffener polar nonent of inertia about toe

J Length between |ateral supports

Sp Stiffener spacing

Sx Section nmodul us of plate-stiffener conbination to
flange

2-3



tp- Plate thickness

tw  Web thickness
(t/d)w Stiffener web thickness to depth ratio

2-4



Section 3
APPLICATION EXAMPLES OF DESIGN GUIDELINES

EXAMPLE 1
Determine the axial compressive tripping stress, Fyoa . for the

flat bar shown in Figure 3-1. The unbraced span length is 172
inches and the material EH-36 steel, Fv = 51 ksi.

Solution
[ =——— %1 = TESmeT—)
Fra= o.saE('r/d)z (2-1)
' . ) w
H 2

Fra=0.38(23.5 103)(2/32) =438 KS!

Figure 3-1 ‘

g F}Q>N%Fv .. Correct for inelasticity
Fri=Fr(1- 20 ) (2-10)
Fri=si(1- ;%3'—8))"36 .2 kei(Answer)
EXAMPLE 2

Determine the axial compression tripping stress, Fyo, for the
tee shown in Figure 3-2. The unbraced span length is 48 in.
.and the material mild steel, Fv = 33 ksi

O 2
L0 L L
\_A\\ __g

.28
O.56¢ .J_

X

Figure 3-2

3-1



Solution

Fro o QuSSASE bi du (2-2)
7 Ieo Ap (3953 +2M43 )
. u.x'.(u.(,n)(?‘a..,xu)‘) (s)" (S8 7) B
Fra e a8 (22, 3;(5_'%;:33) = T8.OKSk
2
Fra O.“}A;‘E ( prdw ) . (2-3)
po

2
Fro o.eo(u.75§.)§29.sxno3)(\ 3(5;87 ) — 6743 KSI

Fro (788 ks> Fy .

F'—FY ) (2-10)

33
Fri=33(1 - 3(8:37) " 2°5"S'  (Answer)
(During Testing (1) this grillage failed by stiffener
tripping at 27.3 ksi.)

EXAMPLE 3
Determine the Axial Compression tripping stress, Fya , for the
tee shown in Figure 3-3. The unbraced span length is 48 in.

and the material mild steel, Fy = 33 ksi.

Figure 3-3
(1) Smith, "Compressive Strength of Welded Steel Ship
Grillages", RINA, 1975




Sol uti on

Fro=QEOACE (b du) (23

po

FTQ_QeO(l.gg(zs.sm& ) (3(n.94 ) Ve 0.8 xSt

Since Equation (2-3) is always conservative and F >F,
Equation (2-2) need not be used.

Fro(s0e8)>%Fy .’ Correct for inelasticity

i=Fv (- 2% aFro, (2-10)

Fri=33(1— %) = 27e6 KSi (Answer)

(During testing 'this grillage.failed by stiffener
tripping at 31.3 ksi.)

"Smith, “Conpressive Strength of Welded Steel Ship
Gillages”, RINA 1975
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Section 4
TRI PPI NG BRACKET DETAILS

Figure 4-1 illustrates sone comon and unconmmon tripping
brackets used by the shipbuilding industry. A nore
conprehensive reviewis to be found in Reference *

The single best guideline to tripping bracket design is that
their effectiveness is no better than that of the structure to
which it is attached. Tripping brackets are best when anchored
against intersecting structural shapes and are |east efficient
when wel ded to an unstiffened plate field.

4-1



_——-’—/

/
|
I

Not very sffective: bracket maintains
stiffensr crosssctional shape but does
not prevent plate-stiffener rotation.

Bracket at heef or bossom of stiffenar is
fairly effactive, but detail is poor due to
hardspot at bass of fiat bar.

3 4
. 4§ =y TN | pragyeueapy PR |
f o v /
ﬁ? ==J
Effective if panel stiffener maets require- .
mants of Section 2.6 Effective
5 8
b ] A 5 - R - e
= P = i i f i
' 1
/
| /4
[/
- Effective, but flange on hracket is probably
not raquired Etfactive

Figure 4-1 Tripping Bracket Details
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th

LV

Better than No. 1, but still ineffective:
plate would rotate with stiffener.

Marginally effective

Figure 4-1 Tripping Bracket Details (Cont'Qd)
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Section 5
QUTLI NE OF TECHNI QUES USED | N DEVELOPMENT OF GUI DELI NES

5.1 I NTRODUCTI ON AND GENERAL COMMVENTS

This section is presented in the belief that the Designer/
Engi neer will benefit nore fromthe design guidelines if he
understands the methods used to derive them

Section 5.2 is based on theoretical background presented in
numerous elenentary texts on instability. It is not felt
necessary to repeat this information here. The assunption that
the stiffener ends are sinply supported, prevented fromtw st-
ing, and free to warp is realistic for most ship structure.
Furthermore, for structure such as transverse web franes which
are elastically restrained at their base it is possible that
the buckle wave length is less than the span length. Thus the

interior portion definitely behaves as if it were sinply
support ed.

To avoid using a value of rotational restraint which would
cause excessive bending of the stiffener web, Ko is nodified
to include the bending stiffness of the stiffener web. Although
this approach is not theoretically correct, it is felt to be
better than placing an arbitrary upper limt on Kg(plate. )

A plot of equation (5-1) is shown in Figure 5-1. As can be
seen for span lengths less than | cr, Equation (5-11) can
underestimate Fra because it assunes the nunber of buckled half
waves is a continuous instead of discrete function. |n this
event Equation (5-1) with Kz=0 may give a better estinmate

In any case, Equation (5-13) is always the mninum value of Fra.

(Assuming Kg=0 is equivalent to assunming the toe of the
stiffener is pinned. )
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Fra MINIMUM

€Q. LI-t FOR Kq)-o

_Q—c-
Figure 5-1

The comments made for Section 5.2 simlarly apply to Section
5.3. The potential energy function is presented in case a nore
accurate analysis is wanted when the nmonment is nonuniform

i.e., the transverse lateral load is not zero or the end
nmoments are unequal. These conditions (variable coellicients)
can be solved using the Raleigh-Rite method. A method is not
presented to calculate Fm for asymretric shapes. Their use
as inner bottom | ongitudinal and shell longitudinal in

bal | ast tanks indicates the coupling effect is probably very
slight.

A stiffener will not trip unless its flange is in conpression.
The unbraced conpression length is considered to be the length
of flange between inflection points.

Lateral buckling of flanges (Section 5.4) can not strictly be
considered tripping. However, it is felt that when using the
rotation restraint available at the stiffener toe this is a
prudent check which should be nade for deep sections having
heavy flanges.

Al though material presented in Section 5.5 is based on work
done entirely on beanms and col ums, Equation (5-35) has been
wi dely used on other structures, from spacecraft to ships. It
is cautioned that no initial inperfection is explicitly
accounted for by Equation (5-35).
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Section 5.7 is based on the Euler buckling of colums. |ts use
should be very conservative when applied to bracing for

stiffener tripping. The termFT.A represents the total force
acting on the stiffener cross section (not including plate).
The stiffness required is neasured at the flange.

5.2 TRIPPING DUE TO AXI AL COVPRESSI ON

5.2.1 Symmetric Stiffeners

The basic equation for tripping of a symetric stiffener about
an enforced axis of rotation is (Reference 2, p 140):

E [I 8 §¢ K]
Fram & [ L+ T oty 0 (5-1)
Wher e FTa= Axial conpression tripping stress

E = Young’'s nodul us

I po= Stiffener polar nonent of inertia about toe
J = Torsional constant

M = nunber of buckled hal f-waves

To - war pi ng const ant

Q = unbraced span length
kg = rotational restraint

The derivation of Equation (5-1) assunes the stiffener ends are
sinply supported and prevented fromtw sting, but the flange is
free to warp. Local deformations of the stiffener are not

consi dered, see Figure 5-2.

I N ]
(b)
TRI PPI NG LOCAL DEFORMATIONS

Figure 5-2
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In Equation (5-1) the axial tripping stress FTais a function
of the nunber of buckled half-waves m Fr,is minimzed if m
is mnimzed, or:

3 FTQ =0
7dm (5-2)

Applying Equation (5-2) to Equation (5-1), the critical wave
nunber is

M-q/K%_Q_
™ °
Substituting Equation (5-3) into Equation (5-1) gives:

Fram & [ /B0 | (5-4)

Equation (5-4) is valid only if is treated as a continuous
function. This assumption is accurate enough for ma3
If m<3 , Equation (5-1) should be used to determine Fra
where m is the lower adjoining integer of Equation (5-3). The

minimum value of m is 1.

The ternms in Equation (5-1), except for the rotational restraint,
are propertion of the stiffener cross-section, SecFigure 5-3.
The only ternms which require further explanation are To and Kg.

e
CENTER OF RQTATION

Q
-L CENTRQID

SHEAR CENTER

Figure 5-3



The warping constant To is a property of the stiffener
cross-section and of the location of the center of rotation
relative to the shear center. It is analogous to the ordinary

flexural and torsional constants, but has different dinensions.
The equation for Tois:

B=Cw+d Iy (5-5)

Ow  for various shapes can be deternmined from equations found
in Reference 3. Since it is nuch smaller than the second term
in Equation (5-5) for shipbuilding shapes, omtting it causes
no appreciable error.

During tripping the rotation of the stiffener is resisted by
the bending stiffness of the plate. |If the plate is considered
to be made up of beam strips, this restraint can be deterni ned
by the nethod shown in Figure 5-4. As can be seen fromthis
Figure, the mininum restraint is for antisymetric tripping.

T bo
SYMETRIC TR PPI NG ANTI SYMETRI C  TRI PPI NG

Figure 5-4

The above anal ysis gives an exaggerated value of K& since
bending of the web will occur during tripping. This can be
corrected if the bending stiffness of the stiffener web is
included in the calculation of Kg.
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Figure 5-5

Refering to Figure 5-5, the equation for the rotational,
restraint including the web stiffness is:

I R
Re™ Ko™ Ru (5-6)

or internms of the plate and stiffener web:

|
E
o dol 5
b= wd) %% 4“?? (5-7)
For flat bars the term /TKdye is nuch snaller than 0.38J .

Thus , Equation (5-4) reduces to:

Fr = 0.38 EJ
© lpo (5.8)

or substituting the expressions for J and 1Ipo

Fro=0e38E (Vd )\3
(5-9)

Equation (5-9) is Equation (2-1) of the design guideline. It
is interesting to note that Equation (5-9) is the local plate
buckl ing equation for an infinitely |ong (%8>5) uni formy
compressed plate with one 1long edge sinmply sup



For tee' s the term ./§%$E is much larger than 0.38J. Thus
Equation (5-4) reduces to:

Flo- 28 EEK-Q—

Iro (5-10)

or substituting the expressions for T, and Kg:

Fla= Ce35A:E bf dw
Ipo Ac(s%g+2d%a) (5-11)

Equation (5-11) is Equation (2-2) of the Design Cuideline.

When m from Equation (5-3) is a noninteger less than 3, it is
possi bl e that Equation (5-11) significantly underestimates Frta .
In this event a better estimate of FTa maysonetines be nade
using Equation (5-1) with ml and Ke=0. The term 0.38J which

is small conpared to T ls may be neglected. Thus Equation
(5-1) reduces to:

wET

Fro” T 0
po (5-12)
or substituting the expression for T
QuBACE [ bedy
F W
T T ( ] ) (5-13)

Equation (5-13) is Equation (2-3) of the design guideline.

5.2.2 Asymmetric Stiffeners

Because asymmetric stiffeners such as angles lack an axis of
symmetry perpendicular to the plate, flexure and torsion are
coupled and therefore, the axial buckling and tripping stresses
are coupled. The coupled axial buckling-tripping stress, which
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is always smaller than either the individual axial buckling or

tripping stress, can be calculated fromthe follow ng equation
(Reference 4):

Fe+F - [i- 1-E€
e 08 [' \/' Qiizf(p:)g ] (5-14)
Where Fca = Coupl ed axial buckling-tripping stress
F.= Euler plate stiffener buckling stress
Fr,= Axial conpression tripping stress [Equation
(5-1)]
E = Coupling parameter =LL;°L3-
Xs = Cordinate of plate stiffener shear center (rom
gtitlener web
X, = Cordinate of plate stiltener centroid from
stiffener web
e = Polar radius of gyration = VAg.
Ise = Polar nonenent of inertia of stiffener about
t oe

Aps = Plate stiffener cross-sectional area

Provi ded Eul er buckling of the plate stiffener does not govern,
i .e. Fe>Fca can conservatively be taken as 75 percent of FTa.
Equation (2-4) and (2-5) of the design guideline are thus based
on 75 percent of Equation (5-10) and (5-12) respectively, wth
the appropriate expressions substituted for I and Kz . It
shoul d be noted that for the sane size flange, an angle resists
tripping due to axial conpression better than a tee.

5.3 TRIPPING DUE TO LATERAL LQADI NG

5.3.1 Synmmetric Stiffeners

The potential energy function for lateral buckling of a stif-
fener about an enforced axis of rotation is (Reference 2, p.164):

!
3=} | (ER8? 6 T8 2ato-mu0 kg0 )dz (515 )



The following differential equation is derived from Equation
(5-15) by applying the cal culus of variations:

O= EROT-(GI-20M D ~(mwy-Kg IO (5-16)
Wher e E = Young's nodul us
L = Warping constant
G = shear nodul us
J = Torsional constant
a = Distance from shear center to center of
rotation
M = Sinple beam moment due to externally
applied forces
8 = Distance transverse load is applied above
shear center
W = Transverse distributed |oad
Ko = Rotational restraint
If the stiffener is subjected to a uniform nmoment only, i.e.

the lateral load is zero, the solution to Equation (5-16) is:

¢=Aysin ATZ (5-17)

Substituting Equation (5-17) into Equation (5-16) and
simplifying gives:

Mcg-ga[em“%’-%*“”%;%] (5-18)

Equation (5-18) can be expressed in terns of stress if it is
assumed:

M
Fr =—GR
T S

(5-19)
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= section nodulus to the flange of the
stiffener plate conbination.

Where S

FLG

Using the same mnimzation procedure outlined in Section 5.2.1,
the equation for the critical wave nunber is

m-./ Ko 2
ERgmd

substituting Equation (5-20) into Equation (5-19) gives:

£ J . [BKe :I
F - —— -
Tb QS;LG[S'Z E ( 5 21)

Simlar to Equation (5-4), Equation (5-21) is valid for m=s .
If m<3 , then the |ower adjoining integer from Equation (5-20)
shoul d be used in Equation (5-19) to determine F_ .

Al t hough Equation (5-21) was devel oped for uniform nonent, it
can conservatively be used for other |oading conditions.

For flat bars the term -\/»‘éﬁ’ is much smaller than O 19J .
Thus Equation (5.3) reduces to:

From —Ed
Se2aSFg ( 5- 22)

or substituting the expression for J and noting Q-ééx

Fro= QBETY (5-23)
FLG

Equation 5.3 is Equation 2.1 of the design guideline.



For lee's the term ':’-'F'.“f;" is much larger than 0.19J
Thus Equation 5-21 reduces to:

s/ (5-24)

or substituting the expression forg and Kg and noting

Q= dw

[ v2.g2
SN LY bt -d&

wSete Y aclig )

Equation (5-25) is Equation (2-7) of the Design GQuideline.

(5-25)

Wen m from Equation (5-20) is a noninteger less than 3, it
is possible that Equation (5-25) significantly underestimates
Ftb . In that event, a better estimate of Fb nmay sonetines
be made by using Equation (5-18) with nrl and Kg=0 The
term 0.19) which is small compared to T-ls may be negl ected.
Thus Equation (5-18) reduces to:

2
Fro= I ETg ,
2aSf( g & (5- 26)

or substituting the expression forg and again noting
a=d,

. _0sOAcE [ bidm (5-27)
dw Srie [

Equation (5-27) is Equation (2-8) of the design guideline.

5.3.2 Asymmetric Stiffeners

Tripping of asymmetric stiffeners due to lateral load is
anal ogous to axial buckling of an eccentrically |oaded colum.

The assynetric stiffener begins to twist (trip) as soon as
lateral load is applied due to the eccentricity of the shear

center to the web, See Figure 5-6. At first the twsting
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increases slowly, but as fb approaches Feb ( Feo = the

coupled lateral bending tripping stress) the tw sting increases
nore and nore rapidly until at  fb-feb the tw st increases
wi thout bound. The larger the eccentricity of the shear

center, the sooner infinite twisting is approached see Figure
5-7.

—
i e
L i bbb fw =
STI FFENER PROPERTI ES LATERAL LOAD | NFORVATI ON
Figure 5-6
T @ )
£ € e,
Feo
&<
0.0
M D SPAN TW ST
Figure 5-7

An anal ytical method has not yet been developed to calculate Fo
Ref erence 5 suggests using the Bryan plate buckling stress of
the flange as a stability criteria. Reference 6 states that
for the loading condition shown in Figure 5-8 the |ocal

buckling failure node is dom nant over the tripping failure
mode.

\FLAN(_;_E_MJVENT _

3 M I N e
WW!!!!\V!!?T\@Z ™

Figure 5-8



This report does not present a nmethod to determine the tripping
stability of asymmetric shapes under lateral load. It is
recommended that pending further work in this area, the
existing classification societies' rules be followed in this

area.

Note that menmbers requiring the application of large and costly
tripping brackets, such as deep web franmes, are generally
symmetric sectionS for which guidelines have been fornmulated.

5.4 LATERAL BUCKLI NG OF FLANCGES

Stiffeners having deep webs and heavy flanges may trip due to

Eul er buckling of the flange about its strong axis, See Figure
5-9. This behavior is simlar to that of a beamon an elastic
foundation where the flange is the beam and the web is the

el astic foundation. The buckling equation is (Reference 7, p.

140):

o MPTPEL, | Kyf (5-28)
W P PAg

|
Figure 5-9)

wher e m = Nunmber of buckled half waves
E = Young's nodul us
|y = Flange nonent of inertia about web

A = Flange area
| = Span
K.= Elastic spring constant
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Using the same mnim zation procedure outlined in Section
5.2.1, the equation for the critical wave numer is:

[Kytd
me TE L, (5-29)
Substituting Equation (5-29) into Equation (5-28) gives

Fr=2E __z._-KwIV
EAg (5-30)

If the web is assumed to be a guided cantilever, the elastic .
spring constant is

3

=
v (5-31)
Substituting Equation (5-31) into Equation (5-30) and
simplifying gives
Fr=0a6E./(%)e- (7d),
(5-32)

Equation (5-32) is Equation (2-9) of the Design Guidelines

5.5 | NELASTI C RANGE

5.5.1 Axial Conpression

The equations in Section 5.2 can be used to cover inelastic
range tripping by substituting the tangent nodulus for Young s
Modul us when the calculated tripping stress is above the
proportional limt. This nethod requires trial and error to
find the calculated tripping stress which corresponds to the
assuned tripping stress used to select the tangent nodul us.



To acconplish this procedure for steel colums in the inelastic
range without iteration, Bleich proposed the follow ng
par abol i c equati on:

Fe= Fy = (Fy-Fp) (5-33)
[
Wher e F¢/ = Inelastic range colum buckling stress

Tn
1

. Material yield point
, = Material proportional limt
Eul er columm buckling stress

.M
I n

Col um buckling tests have since shown the stress-strain curve
departs from linearity below the proportional linmt due to
residual stresses. This led the Colum Research Council (CRC
to replace F, in Equation (5-33) by

F;g-Fy-Fg (5- 34)

\Wher e FA = Shape proportional limit
F.= Residual stress

Al t hough the maxi mum residual conpressive stress in the flange
of hot-rolled steel shapes is approximtely 0.3 F , consid-
eration of its effect on both weak and strong axis buckling
caused the CRC to select FR equal to 0.5Fy thus

Fé‘ﬁ(“{é—

e

) ( 5-35)

In reference 8 Det Norske Veritas uses Equation (5-35) to

calceulate Lhe inclantle range ul.ablll'ly ol ship plate
stiffeners for both Euler buckling and tripping. Simlarly
Equation (5-35) has been adopted by this report. It is

cauti oned, however, that if the residual stresses in the
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stiffener flange are nore adverse than the residual stresses
shown in Figure 5-10 for a hot-rolled shape, Equation (5-35)
wi Il be unconservative.

lh\”[““/x[] Ogtly

t Uedl y
Figure 5-10

5.5.2 Lateral Bending

The stress due to lateral bending varies across the stiffener
cross-section. Thus if the tripping stress is in the inelastic
range, the tangent nodulus will also vary across the stiffener
Cross-section. This nmakes the analysis too conplicated for a
rational solution. Fortunately, Equation (5-35) agrees with
test results for the lateral buckling of beans (Relerence 9).
Therefore, Equation (5-35) has al so been adopted for inelastic
tripping due to lateral bending by this report.

5.6 COVBI NED AXI AL COVPRESSI ON AND LATERAL BENDI NG

5.6.1 Symmetric Stiffeners

The interaction between axial and lateral tripping for
symetric stiffeners is a very conpl ex phenonenon. A
sufficient, although not necessary, condition of stability is
(Reference 10, p 739):

fo, fh 210 (5-36)

Ta

5-16



Equation (5-36) is the Design Cuideline interaction equation
for symretric stiffeners.

5.6.2 Asymmetric Stiffeners

Pendi ng devel opnment of F., no interaction equation is
proposed for asymmetric stiffeners.

5.7 BRACI NG

5.7.1 Required Stiffness

The follow ng nethod for cal culating the m ninum stiffness
required for tripping brackets to be fully effective was first
suggested by Wnter for the lateral bracing of colums. A
summary of Wnter’s work on lateral bracing requirenments is
contained in Reference 11.

- s
Rr %F’é%lz RR Jﬁﬁgl %R-% Q:R-%
TP T F— B
\ \ \ \
\ i 1,
1K , ‘l ‘lf’?:"ld IK=co \le-x_;d
2 o i o
li I II iy /]
1 ’l | : ,;
__I__L A Jt : ’ F :
A by A S B Y
fp‘__ +D t_‘ ’ *n
'CR CR R ITR
@ (b) ©) (d) ©
Figure 5-11
span shown in Figure 5-n(a). |If the stiffness is initially
zero, the colum wi Il buckle in one half-wave when the |oad
reaches Gzis'l , see Figure 5-n(b). As the lateral bracing
stiflness is increased, the load required to buckle the colum
also increases until, at a certain stiliness, the load reaches
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2
I%%% and the colum buckles in two hal f-waves, Figure
5-11(C). Increasing the lateral bracing stiffness beyond this
val ue causes no further increase in critical load, Figure
5-n(d). The mnimum | ateral bracing stiffness necessary for
the colum to reach its maxi num strength for the unbraced span
l ength can be calculated by assumng an infinitesimally smal
| ateral displacenent is superinposed upon the antisymmetric
buckl ed shape of Figure 5-11(c), see Figure 5-11(e). Summing
moments about mdspan (Point “B’) for the upper half of the
col um (ETE) gi ves

(5-37)

Noting stiffness is force per unit displacenment, Equation
(5-37) can be rearranged to give

K;d’—&-—z ’
4 (5-38)
Equation (5-38) applies only for two spans. It can be made

nore general by introducing a span dependent coefficient. Thus

Kiy=o<- R (5-39)

A curve for a presented in Reference 11 is shown in Figure
5-12.

L

Figure 5-12
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Because of imperfections, real columns begin deflecting at the
onset of loading. The’effect this has on required bracing
stiffness can be determined by again considering the two span
column shown in Figure 5-11(a). Now instead of being straight,
assume the column has the initial imperfection form shown in

Figure 5-13. The equilibrium equation at incipient buckling
becomes

kﬁ 0- Z9-Rplded)) (5- 40)
dsete

or

Figure 5-13 Kacr=Kig (14 S) (5-41)

a nmore useful form of Equation (5-41) is

.
= ety (5-42)

Kig

Equation (5-42) shows that the actual bracing stiffness nust be

greater than the ideal bracing stiffness. If Kacr equals Ki,
the deflection becomes infinite which is equivalent to

buckling. Wnter suggests K, be twice K,to keep the
deflections prior to buckling acceptable.

The Design CGuideline uses Equation (5-39) to determ ne the

required bracing stiffness to prevent tripping. The val ues of
o< have been doubled in the Design Cuideline to account for

i nper fections.

5.7.2 Required Strength

The force exerted on the tripping bracket at buckling is
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Kacrd thus from Equation (5-42)

and for Kacr equal to 2K,

\ 2c<Prg
Frea'o = do(—n-c—) (5-44)
Assuming a maximum tolerance for d, is s , Equation (5-44)
becones
2
Faedlo = e <8 (5-45)

Equation (5-45) is used in the Design Quideline to determ ne .

tripping bracket strength. The factor of 2 is contained in the
design chart for o< .
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Section 1
| NTRODUCTI ON AND SUMMARY

In the last few years there has been a belated recognition
of the inportance of structural details in the design and
performance of ship structure. At one end is an extensive
collection of comonly used details (Reference 1) , while at
the other there is a nassive and very useful survey of in-
service performance of details (Reference 2) . Severa
techni cal papers, for exanple References 3 and 4, discuss
experinental and analytical results for specific detai
configurations, and Commttee 3a of the International Ship
Structures Congress was created in tine for the 1976 session
with specific responsibility in this area.

The purpose of the present study is part of an effort to
fornul ate standards for ship construction in an attenpt to
reduce building costs. Structural details, perhaps nore
than any other conmponent of hull structure, |end thenselves
to standardization because attenpts in that direction are
al ready nade by many shipyards on an individual and on a
ship by ship basis.

Cost reduction due to eventual standardization of details is
less related to reduced cost of construction than to enhanced
ship performance, such as reduced scantlings of |oad carrying
nmenbers and decreased requirenents for naintenance in repair.

The industry now | acks the background data for an unequivoca

selection of optinum details, but could use what infornation
is currently available in an attenpt to reduce diversity.
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Section 2 is a general critical discussion of structural
details that forns the basis for the tentative collection
of standard details in Section 4.

Section 3 presents data on finite el enent analysis of
clearance cuts with various collar and support arrangenents
that are useful in providing guidance for the selection of
perhaps the nost frequently used structural detail.

Reducing the incredible variety of any type of detail wll

| ead to clearer performance eval uation of specific design
details than is possible with today’s proliferation. The

f eedback from such prelimnary standardi zati on woul d then

be directly applicable to focusing analytical and experinmental
investigations, to providing numerical design guidelines

and to pronulgating nore definitive standards.
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Section 2
REVI EW OF STRUCTURAL DETAILS

2.1 GENERAL

The definition of requirenents and the cooperation of the
United States shipbuilding industry was sought through
visits to nost najor United States shipyards (Reference 5).
The inmportance of attenpts to standardize structural details .
was well recognized, and nmany shipyards generously assisted
by providing plans or booklets of their structural details.

Al details were cut-out, nunbered and attached, by category,
to “wallpaper”. The “wall paper” was discussed in sessions
attended by no less than two structural engineers and two
structural designers. The objective was to single out good
and bad individual features or conplete details. (riteria
for the discussions were:

1. Strength (potential for failure, history of
damage)

2. Installation (ease of fitup)

3. Conpl exity (cost)

4 . Accessibility (welding, painting, maintenance)

Gouping of details was by comonly used categories. Tpese
categories and the nunmber of sanples available for review
are listed bel ow

Cat egory Nunber
Cutouts and Collars 105
M scel  aneous Cutouts 26
Pat ches 7
St anchion End Connections 57
Face Pl ates 18
Stiffener End Connections 64
Chocks 42
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Cat egory Number
Panel Stiffeners 50

Beam Brackets 79

For discussion purposes these details have been grouped into
the followi ng nore general categories:

Structural intersections (cutouts and collars)

M scel | aneous cutouts (snipes, |inber holes,
penetrations, patches, oil stops and water
st ops)

Brackets and chocks

Stiffener endings and transitions
Panel stiffeners

St anchion end connections

In the foll owi ng paragraphs the discussion is limted to
broad general comments and to remarks on specific good and
bad features of actual details encountered in the survey.
The application of this discussion is nade in the selection
and design of those details to be found in Section 4.

2.2 STRUCTURAL | NTERSECTI ONS

The commonly used terminology for types of structural inter-
sections is cutouts and collars, which would be better
described as free and collared (or lugged) structural inter-
sections. No such redefinition is attenpted here for this
or any other category of detail.

The necessary variety in this type of detail is great because
of the shape variations in penetrating nenbers (tees, angles,
flat bars, bulb flats, etc.) and because of the degree of
support required by the penetrating nenber



Cutouts are provided to permt stiffeners or girders to
pass through deeper structural menbers such as webs, bul k-
heads and decks. They may al so serve the secondary purpose
of providing drainage or venting openings in non-tight
menbers.  \Were necessary, these cutouts are partially or
fully collared to increase strength or restore tightness.

The sinple clearance cut shown in Figure 2-1 is typical of
where the penetrated member, in this case a bul khead, is
not a support point for the stiffeners.

Vv Y v
- 1 -
‘T <
{
7 al
Figure 2-1

At the other extreme is Figure 2-2, representing a clearance
cut with a heavily loaded stiffener. Shear load is taken
out by lugs or collars to both the heel and the bosom of

the stiffener, and by a panel stiffener |apped over the web
of the stiffener.

-
<

A—

T =y T

2

Figure 2-2
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A nodification of this detail is shown in Figure 2-3. Here
the substitution of a |apped collar to the heel of the

stiffener sinplifies fitup of parts during assenbly or
erection.__

A A 4

=

— +

Figure 2-3 °

Al the nost commonly used poor features in clearance cuts
are illustrated by Figure 2-4.

b b 1
9 d—’ - —T—
DEPTH |
"? Q' ‘
c l (o)
. LY ;
r =
Figure 2-4
a. If the stiffener exceeds the depth of the opening

t hat opening nust be trimed, probably by hand, possibly
i ntroduci ng notches (stress risers)

b. The sharp radii in the cutout have produced service
cracks.
C. The small size of the snipe at the base of the

penetrated nenmber creates difficult access for welding and
may i ntroduce corrosi on and mai nt enance probl ens.
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d. el di ng past the web of the stiffener may introduce
undercut at the edge of the stiffener, resulting in a notch
effect at a highly stressed |ocation.

Desirable features of cutouts are illustrated py Fjgure 2-5.
A A A
v v v
! B f b ,
f S
r_.J
cX
<$ Qb—-’
~p
# d\‘}/‘ f
i
Figure 2-5
a. Al'ignment or dinensional errors can be corrected with

relative ease by straight line trimming of the tabs.

b. Large radius of the snipe and flange cutouts proyjdes
better access for welding.

. Not ches produced by welding of the tabs to the
stiffener are nore nearly in line with the direction of
applied stress than normal to it, therefore reducing the
possibility of crack initiation and propagation

d. Short tangency extensions to the snipe cut permt
modest trimmng without introducing acute angles or dis-
turbing accessibility.

Addi tional comments relative to collars (tabs) and snipes
will be found in the paragraphs on stiffener endings and

m scel l aneous cutouts. |t should be noted that nore conpl ex
yet favorable cutout geonetries create little difficulty

for the modern shipyard equipped with nunerically controlled

flane cutting. In fact, the conplex cutout s somewhat of
a guarantee that the correct tool will be used and that

casual manual burning will be avoided.
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2.3 M SCELLANEQUS CUTOUTS

2.3.1 Penetrati ons

The one-sided pipe coanming in Figure 2-6 is comonly used

in the machinery space. The inability to seal weld the
interior permts trapping nmoisture and can |lead to corrosion
Al t hough a penetrating coaming is preferred, it is recognized
that the advanced planning it requires is not always practical

2.3.2 Tenporary Openi ngs and Pat ches

It is good shipyard practice to mnimze tenporary openings.
Provi sion for access should be provided in the design stage
by optinum use of |ightening holes, with special attention
to the position of structural units during subassenbly.

Round openings are preferred, with oval openings sized to
OSHA requirenents used when required for personnel access.

Lapped patches over tenporary openings should be used only
in areas of low stress. Their use generally requires
approval by the resident inspector. Flush patches with an

i ntegral backing bar (Figure 2-7) nmust be used when only one
side is accessible for welding. The unwelded backing bar
edge is susceptible to corrosi.on.

Figure 2-7 'ﬁ> 1‘!5( %g
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2.3.3 Mscell aneous openings

There is great diversity in the configuration of snipes
drain holes, etc. , and it is difficult to rank one det ai
over another wi thout specific consideration of purpose and
| ocati on.

Round holes are generally preferred over half-round and oval
holes, i.e. Figure 2-8a is favored over Figure 2-8b. Snall
radius cutouts as illustrated by Figure 2-9 should be avoi ded:
coating and maintenance is difficult, and they obviously
produce higher stress concentration. To mninmze the effects
of stress concentration, small radius tits are better drilled
than burned. Figure 2-10 shows an opening close to a
structural intersection that should generally be avoided.
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Figure 2-8a Figure 2-8b
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Figure 2-9
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Fiqure 2-10

The elliptical cutout in Figure 2-11 provides greater drain-
age area, a lower “drain” and |ess stress concentration than
that in Figure 2-12.

Figure 2-11 <~ -

G Figure 2-12

Straight snipes as shown in Figure 2-13 are very common but

| ess desirable than rounded cuts . Welding at the edges,

particularly if a weld wap is required, does not lead to a
very sound wel d.
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Figure 2-13.

L |
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Figure 2-14 shows the extension of a snipe to accommodate
an adjacent seam or butt. Partial collars (Figure 2-15) or
full collars (Figure 2-16) may be necessary to restore

strength in heavily loaded areas.

Figure 2-14

. A 1,
Figure 2-15 Vv |
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Figure 2-16
2.4 BRACKETS AND CHOCKS

2.4.1 Beam Brackets

Beam brackets, not knee brackets, are generally treated as
structural details. These brackets serve to transfer end

nonents and shear into adjacent structure, and to reduce the
unsupported span of a beam

The standardi zati on of beam brackets is nearly inpossible
because of the diversity their function calls for. An
extreme case is nmentioned in Reference 2, where 81 geonetrica
forms of beam brackets were observed on a single shinp.

For coplanar angle or flat bar stiffeners, a |apped bracket

is preferred to a butted bracket. Brackets with sniped flange
are used where the bracket edge is long and where | oads are
relatively high. Wen higher |oading requires a continuous
bracket (Figure 2-17), tangency and flange chocks shoul d be
fitted to the intersecting structural nmenbers. Wthout these
chocks the knife-edge arrangement can result in cracks.




e e e %

’ N Figure 2-17

2.4.2  Chocks

Chocks are used as reinforcement or backup in areas of con-
centrated force; as internediate load carriers in areas of
structural discontinuity and as a neans of stabilizing flanges
in structural elenments. Tangency chocks are generally the
same thickness as the web of the girder to which they are
attached, and flange chocks are of simlar thickness to that
of the flange to which they are wel ded.

Sniping the corner of a chock is a good design feature which
allows the weld to be easily wapped. [If the angle of the
chock edge is steep enough (e.g. 60 degrees) sniped corners
are not necessary. The snipe should be about 1/2 inch.

Sonme snipes of snaller dinensions (Figures 2-18a and 2-18b)
do not provide enough naterial for a good weld wap and tend
to “burn up”.

Small interior snipes as shown in Figure 2-19 sinplify fit-
up of the chock, but make welding nmore difficult and create
a difficult area to access for cleaning, painting and nain-

t enance. Interior snipes should provide enough of a cut-
away to reduce these difficulties or be elimnated altogether
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2.5 STI FFENER ENDI NGS AND TRANSI TI ONS

Three degrees of stiffener end fixity are recogni zed by

the American Bureau of Shipping in establishing section
nmodul us requirements. Efficient brackets provide fixed end
support, clips provide i nternedi ate support, and no end
attachment corresponds to a pinned connection

Fi xed end connections are typically attenpted with angles
or tees as stiffeners, and free ended stiffeners are often
flat bars.

When web and flange of a stiffener are butted agai nst adjacent
structure to create a fixed end condition, it is comon to
use flange chocks, as shown in Figure 2-20, to reduce stress
concentration.
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Figure 2-20
Lapped end connections and clips are credited with simlar
end fixity. The |apped connection provides greater |ateral
stability, but requires stiffeners on opposite sides of the
nmol ded trace. Typical overlaps are in the range of 2-2 1/2
inches, and are illustrated in Figure 2-21. The snipe detai
shown in Figure 2-21b allows better weld access and continuity
than that in Figure 2-2la.




Figure 2-2la Figure 2-21b

Clips are generally nmade at |east as thick as the web of the
stiffener to which they are attached. Increasing the clip
scantlings allows it to carry the full stiffener-induced

| oad.

A clipped connection should allow a gap between stiffener
end and adjacent structure |arge enough to pernit good
wel ding and painting access.

Stiffener endings assumed to be free ended may have nuch of
their section cut away (Figure 2-22) or have no end attachnent
(Figures 2-23, 2-24 and 2-25). A free stiffener end cut
square is nore difficult to weld than one that is sniped and
introduces larger end stress concentrations. The gap for an
unattached stiffener end should be | arge enough to all ow
access for welding. Figure 2-25 illustrates a better arrange-
ment than Figure 2-24, although the snipe in the former is
consi dered too conplex for comercial practice. The

corner of Figure 2-25 should be sniped to a depth greater
than 1/8 inch for satisfactory welding. One-half inch is a
reasonabl e mi ni mum

Figure 2-26 illustrates a producibility problem when it is
required to wap the weld against the angle bosom

2-14
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Oip ended stiffeners as shown in Figure 2-27 are often
used wi thout backup structure, giving rise to potenti al
“punch through”. The clip on the angle stiffener in
Figure 2-27a overlaps the flange, and because of greater
resulting eccentricity reduces the reaction force on the
pl ati ng. On occasion the hardspot is relieved by fitting
a sole plate as shown in Figure 2-28.

A b
r--]
i
! o] -
Figure 2-27a —~ Figure 2-27b B
"\F Av > Av AV
§L
~ l
l
< I
. L ]
AV 7 [ 2 - 1 9
N { '
Figure 2-28
Transition pieces can also fall into the category of face

plates. Their purpose is to provide gradual transition
bet ween structural menbers of different width (Figure 2-29)
and depth, or to run out stiffeners, say |ongitudinal at
the ends of the ship (Figure 2-30).
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2.6 PANEL STl FFENERS

Panel stiffeners are used as local or internmediate deck
structural reinforcenent, as stiffeners intended to prevent
buckling of deep webs, and as support to menbers penetrating
these webs. Panel stiffeners are generally rolled angles or
flat bars, whose section properties are specified by the
Classification Societies for any given application

The distinguishing features of types of panel stiffeners are
their method of end connection, generally discussed in
Section 2-5. Sniped corners, particularly for flat bar panel
stiffeners as shown in Figure 2-31, allow better materia
utilization and better access for welding. The desirability

of about a 1/2 inch land for better wapping was discussed
earlier.
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Angle or tee panel stiffeners not connected to intersecting
structure are commonly cut square as shown in Figure 2-32
In the presence of a lateral load this arrangenent results
in high stresses at the end connection. |f lateral load is
present, the panel stiffeners can be | apped as shown in
Figure 2-33b, where the cutaway at the left clears the weld
of the intersecting nember. That weld will interfere with

the detail as shown in Figure 2-33a.

4 ¢ [ }

‘ N . ‘ i —T_“ '
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Figure 2-31 Figure 2-32

’_]: | | nil ‘

b - : L

o n e——————

Fiqure 2-33a T Figure 2-33b .

2.7 STANCH ON END CONNECTI ONS

St anchi on end connections provide for transition between
generally dissimlar structural nenbers
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Al t hough stanchions are normally viewed as conpressive
menbers (colums), they nay also be |oaded in tension, parti-
cularly at the ship’s bow. This results from section defor-
mation due to large lateral pressures. Therefore the
stanchi on end connection should have the cross sectiona

area and section properties required by its function.
CGenerally those properties should be equivalent to those of
the stanchion itself.

It is sinpler to design end connections for an H or |-beam
stanchion than for a pipe stanchion, although the required
orientation of the former in a particular application my
make alignment with deck girders difficult.

It is comon practice to provide a sole piece for pipe
stanchi ons whose wall thickness exceeds the thickness of the
plate to which they are attached. A particularly effective,
al though admttedly conplex, connection for pipe stanchions
is shown in Figure 2-34. It has high tensile capability
and is very compact. '

1

J
|

Figure 2-34
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The | -beam connection in Figure 2-35 provides good alignnment
with two intersecting menbers, and is therefore better than

that shown in Figure 2-36 which requires additional chocks.
The | oad capacity of supporting girders must be considered.
Clearance cuts in close proximty to stanchion end connec-
tions are often provided with a flush full collar to increase
strength., Figure 2-37 illustrates a connection that is
difficult to fabricate. The detail in Figure 2-38 could be

inmproved if a 90 degree rotation of the stanchion were
per mi ssi bl e.
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Figure 2-35
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Figure 2-36
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Figure .2-37

Figure 2-38
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Section 3
ANALYSI S OF STRUCTURAL | NTERSECTI ONS

3.1 GENERAL

Specific attention was focused on structural intersections
because for any given ship they generally constitute the

| argest single group of details and because many structura
failures have been attributed to stress concentrations due
to unfavorable geonetry.

The analysis was undertaken in two parts: one to investigate
the effect of cutout geometry and type of |oading on stress

distribution, and the second to establish the effect of type
of stiffener connection on stress level and joint efficiency.

Only a static analysis has been attenpted, consequently the
results are primarily useful for conparing alternative con-
figurations, rather than for definitive evaluation of the

| oad carrying capacity of the detail.

The finite elenment analysis was performed with the ICES
“STRUDL II” conputer program specifically the UG version
V3MO of June 1976.

3.2 CLEARANCE CUTS

3.2.1 Cl earance Cuts - Elliptic

The anal ytical nodel enployed represents a beamwith a

29 inch x 1/2 inch web and 12-1/2 inch x 1 inch flange with

a length of 10 feet. The girder is attached to a plate with
an equival ent section area of 30 square inches. Three cutouts
are nodel ed: coarse ones at the ends and one with a fine mesh
at the center, which is the one analyzed. The details of the
nmodel are shown in Figures 3-1, 3-2, 3-3 and 3-4. Elliptica
and flat-topped clearance cuts were studied under three
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DETAILED MODEL OF CUTOUT AREA
ELLIPTICAL CUTOUT

Figure 3-4
| oadi ng conditions:
Case 1 - Axial
Case 2 - Bending
Case 3 - Shear

The analysis of the flat-topped cutout was sinplified by

applying the displacenents of the elliptic fine nesh segnment
boundary to the nodified fine nesh segnent.

3.2.2 Elliptic-Results

For each |oading case the stress anplification in way of the
clearance cut centerline was calculated and plotted. For

exanple Figure 3-5 indicates a nmaxinum anplification factor
of 2.53 at the cutout. This means that the maxi mum axi al

stress is 2.53 times the average stress calculated for the
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intact section. COverall and local plots of stress nagnifi-
cation were prepared (Figures 3-6 and 3-7) , where the val ues
shown are the ratios of von Mses equivalent stress of the
cutout to those of the intact section. Von Mses equivalent
stresses were used because they provide a generally accepted
yielding criterion that takes all plane stress conponents
into account.

Load distribution and section stress magnification factors.
for the case of pure bending are shown in Figure 3-8. Note
that essentially no section anplification occurs due to
bendi ng.

The stress anplification plots in Figures 3-9 and 3-10
represent ratios with respect to the maxi mum intact section
stress, i.e. at the flange of the girder

Pure section shear (Figure 3-11) is devel oped by applying a
shear and a nonent at the free end that induce canceling
nmoments at the central cutout (Section A-A). Stress anpli-
fication due to shear is 1.95 or about a simlar order of
magni tude as that due to axial |oad.

Stress magnification factor plots in Figures 3-12 and 3-13
indicate that the highest concentration occurs at the upper
corners of the cutout and is in the order of 4.4. A plot
of stress magnification factor along the periphery of the
cutout |oaded in shear is presented in Figure 3-14.

Since axial loads on girders are generally small, it can

be concluded that section shear is the nost inportant factor
to be considered in the design of cutouts. Future fatigue
studi es could be guided by this conclusion.
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3.2.3 Cl earance Cuts - Straight

The anal ytical nodel configuration is described in Figures
3-15 to 3-18. Load cases considered were identical to
those discussed in Section 3.2.

3.2.4 Strai ght - Results

The stress nagnification factor due to axial load (Figure
3-19) is less than for the elliptic cutout at the center-
line, but results in a slightly larger maxi mum factor
occurring at an upper corner.

A plot of magnification factors based on von M ses stresses
is presented in Figure 3-20, pointing to simlar magnitudes
but steeper stress gradients than were calculated for the
elliptic cut. The bending case is shown in Figure 3-21 and
3-22, leading to the sanme conclusion stated in Section 3.3:
that bending has negligible effect on cutout stresses.

Stress magnification factors for shear, Figures 3-23, 3-24
and 3-25, are the sane as for the elliptical cutout, wth
slightly smaller gradients.

The choice of the elliptic cutout as a tentative standard
detail in Section 4 is admttedly sonewhat arbitrary, since
no neasurable difference is suggested by the analysis. As
stated in Section 2, it is expected that manual cutting and
trimmng (and the workmanship inherent thereto) will be
avoi ded by specifying a cutout shape that is preferably
produced by automated processes.
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3.3 COLLARED | NTERSECTI ONS

The nodel enployed for finite elenent analysis consists of

a beamplate conbination as described in Section 3.2. The
beam is 90 inches long to its center of symetry, and fixed
at the end. The load on intersecting |ongitudinals was
applied at either end of the longitudinals. Four conditions
of support are considered for the stiffeners: a tab to the
heel with and w thout panel stiffener support, and tabs to
heel and bosom with and w thout panel stiffener support.

3.3.1 Single Tab

The anal ytical nodel is shown in Figures 3-26 and 3-27. Only
the left cutout and the intersecting stiffener are nodel ed
in detail (Figures 3-28 and 3-29)

For this support case only, analysis was perforned for a |oad
at one stiffener (Figure 3-30). The equivalent von M ses
stresses were ratioed to simlar stresses calculated for a
nodel of an intact (i.e. reeved) nenber, and the resulting
amplification factors are plotted in Figure 3-31 along the
cutout boundary. Note stress anplification factors in the
range of 7-8 versus the ideal or reeved case.

The nore general and realistic case of all (five) stiffeners
equally loaded is shown in Figure 3-32, and resulting stress
anplification factors are plotted in Figure 3-33.

As an interesting aside, an error Was nmade in establishing
the coordinates of two adjacent elenents along the periphery
of the radius-sniped corner at the web of the |ongitudinal
That error is shown in Figure 3-34. The resultant anplifi-
cation of stress at those elements was 1.8 times higher than
for the smooth contour, which was established when this

error was later corrected. The sensitivity to small changes
in cut outline can be considered a strong indication of the
need for clean automatic burning, though it is possible that
the effect was exaggerated by the inherently peculiar behaviour
of triangular elenents. Further investigation of this sensi-
tivity to cut outline would seemto be called for.
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Figure 3-34

3.3.2 Doubl e Tab

Figures 3-35 to 3-39 describe the nodel used to anal yze the
effect of adding a tab to the bosomof the stiffener. The
stress anplification plot in Figure 3-40 indicates that the
bosom col | ar reduces stress anplification at base snipe and
clearance cut by only about 16 percent. This can be explained
in ternms of the nuch greater flexibility of the |onger tab.

For symmetrical stiffeners such as tees or flat bars the
effect of double tabs should be significantly greater.

3.3.3 Single Tab Wth Panel Stiffener

Figures 3-41 to 3-45 describe the analytical nodel used to
define the load carrying contribution of a panel stiffener
attached to the heel of the penetrating menmber. The plot of
stress magnification ratios along the cutout shown in

Figure 3-46 suggests only a slightly greater stress reduction
(to 18 percent) due to connection to the panel stiffener

t han was obtained by addition of the bosomtab.
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3.3.4 Double Tab Wth Panel Stiffener

The nodel for this extreme support case is described in
Figures 3-47 to 3-51, and stress magnification factors are
plotted in Figure 3-52. The conclusion is that the addition
of the bosom tab has no nmeasurable benefit over and above
attachment of the panel stiffener.

3.3.5 Analysis Summary

The analysis in this section provided the somewhat surprising
results that addition of a second tab and/or panel stiffener
has little effect on the stresses of an angle stiffener
supported by a tab to the heel. Equally surprising is that
the additional support provided by a panel stiffener is not
measurably greater than that provided by a tab to the angle
bosom
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Section 4
TENTATI VE COLLECTI ON OF STANDARD SHI P

STRUCTURAL DETAI'LS

To assist in the future devel opment of standards, this section
presents a collection of ship structural details that represent
either a direct adoption of what seens the best now in use in
the U S. shipbuilding industry, or the devel opnent of slightly
modi fied configurations based on conments in Section 2.

Details are presented in the follow ng categories:

DETAIL TYPE FI GURE NO PAGE NO.
1. Clearance Cutouts 4-1 to 4-4 4-3 & 4-4

Clearance Cutouts Wth

Nontight Lapped Collars 4-5 to 4-11 4-5 to 4-8
3. Cearance Cutouts Wth

Web Attachnents 4-12 to 4-14 4-9 & 4-10
4, Cearance Cutouts Wth

Fl ange Attachments 4-15 4-11
5. Cearance Cutouts Wth

Vb & Flange Attachnents 4-16 & 4-17 4-12

6. Cearance Cutouts Wth Wb
Attachments & Nontight Lapped
Col l ars 4-18 to 4-20 4-13 & 4-14

7. Cearance Cutouts with Flange
Attachnments & Nontight Lapped
Col I ars 4-21 4-15

8. Cearance Cutouts Wth Wb &
Fl ange Attachnents & Nontight

Lapped Collars 4-22 to 4-23  4-16
9. Cearance Cutouts Wth
Tight Lapped Collars 4-24 to 4-27  4-17 & 4-18

10. Cearance Cutouts Wth

Tight Flush Collars 4-28 to 4-31  4-19 & 4-20
11. M scel | aneous Cutouts 4-32 to 4-36  4-21 to 4-23
12.  Nontight Penetrations 4- 37 4-24
13.  Chocks and Brackets 4-38 to 4-45 4-25 to 4-28
14,  Stiffener Endings 4-46 to 4-52  4-29 to 4-31
15.  Panel Stiffeners 4-53 to 4-58 4-32 to 4-35
16.  Stanchion Endings 4-59 & 4-60 4- 36
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The key to selection is adequate strength and good produci -
bility and maintainability. As an exanple, the rounded

corners of the collars in Figures 4-5 and 4-6 permt continuous
wel ding with adequate all around access. Simlarly the tight

| apped collars in Figures 4-24 and 4-25 are intended for easy
wel ding access to the base of the collar. This philosophy has
been carried throughout the remainder of the applicable details
inthis section and is nost apparent in the details presenting
stiffener endings and panel stiffeners.

The miscel | aneous cutouts in Figures 4-34 and 4-35 have found
application in Europe. They are only suggested to U S

shi pbui | ders as an excel |l ent method of reducing the stress at
the base of any cutout termnating normal to ship plating.
These details have the obvious drawback of being susceptible to
damage prior to installation,

Only two beam brackets have been illustrated, Figures 4-44 and
4-45, but they denmonstrate the essential characteristics that
the many possible variations should possess.

Simlarly the great variety of possible stanchion end con-
nections causes the listing here to include only two that are
generally illustrative of good practice, see Figures 4-59 and
4-60.

It is the intent of this section to serve as a basis of indi-
vidual or committee discussion and review, thereby possibly

| eading to consensus standards. Reference 2 and Section 2 of
this report will be of assistance in that review
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